ZNO NANO- AND MESO-STRUCTURES FOR PHOTOVOLTAIC APPLICATIONS by LI HUI




ZnO NANO- AND MESO-STRUCTURES FOR 








LI   HUI 







A THESIS SUBMITTED  
FOR THE DEGREE OF DOCTOR OF 
PHILOSOPHY 
 
DEPARTMENT OF MATERIALS SCIENCE AND 
ENGINEERING 
 


















I hereby declare that the thesis is my original work and it has been written by 
me in its entirely, under the supervision of Professor John WANG, Department 
of Materials Science and Engineering, National University of Singapore, 
between 2008 and 2013.  
 
I have duly acknowledged all the sources of information which have been used 
in the thesis. 
 




                                                   




                                
                                     
                   Li Hui    
                                     







First and foremost, I would like to express my grateful appreciation to my 
supervisor, Professor John Wang, for his invaluable guidance and useful help 
in my research area. It has been a great experience to work with him to 
reshape and reform my scientific thoughts. He always inspired me greatly to 
develop a more thorough and rigorous attitude towards science in this project. 
I am deeply touched by his farsighted thoughts, passion, dedication, and 
kindness which had served as a motivation while completing this project. He 
has been infinitely patient and understanding, and has constantly encouraged 
me to work when I met with difficulty.  
 
Besides, I would like to thank to my co-supervisor senior scientist Liu Hongfei 
of Institute of Materials Research and Engineering, A*STAR for his constant 
feedback and encouragement throughout the project.  
 
This research project would not have been possible without the support of 
many people. I am indebted to Dr. Zhang Yu for her encouragement and 
guidance in this research project, which widely open my view and promote my 
understanding. She was also abundantly helpful and offered many assistance 
and support in my life in Singapore. I am also thanks to all former and current 
members of the Advanced Ceramics Lab: Dr. Wu Jiagang, Ms Fransiska, Dr. 
Tan Happy, Dr. Liu Yanqiong, Dr. Ke Qingqing, Dr. Liu Huajun, Dr. Yang 





Yating for their unconditional help and support and being great friends making 
this whole project a lot of fun. 
 
Thanks are also due to all laboratory supporting staffs—Dr. Zhang Jixuan, Ms 
Lim Mui Keow, Ms Chooi Kit Meng, Mr. Chen Qun, Mr. Chan Yew Weng, 
Mr. Kuan Henche, Mr. Liew Yeow koon, Mr. Lee Koi Kong, Ms Yang 
Fengzhen and Ms He Jian from the Department of Materials Science and 
Engineering, for rendering technical assistance, facility training and related 
information for this project. Also, I would like to take this opportunity to 
thank to my good flat-mates: Dr. Yuan Du, Ms Liu Huan, Ms Wang Qing, Dr. 
Zheng Fei and Ms Ren Rui for their consideration and help in my Ph.D study, 
thank my friends: Dr. Xie Zhibin, Dr. Liu Yeru, Dr. Jennings James Robert, 
Dr. Neo Chinyong, Dr. Tang Xiaosheng, Ms Gui Yang, Mr. Li Feng, Dr. 
Sheng Yang, Mr. Chen Maohua, Mr. Sun Yang, Dr. Zhao Yubao, Dr. Pan 
Feng, and Dr. Niu Tianchao for their precious friendship. 
 
The Research Scholarship from the National University of Singapore is 
gratefully acknowledges. 
 
And last, but not least I wish to thank my family and all my friends for being 
there whenever I need them. 




TABLE OF CONTENTS 
ACKNOWLEDGEMENTS ...................................................................................... i 
TABLE OF CONTENTS ........................................................................................iii 
SUMMARY ............................................................................................................ vi 
LIST OF TABLES .................................................................................................. ix 
LIST OF FIGURES ................................................................................................. x 
CHAPTER 1 INTRODUCTION ............................................................................. 1 
1.1 Background .................................................................................................... 1 
1.2 ZnO Nanostructures and Their Application in DSSCs .................................. 5 
1.2.1 ZnO Nanoparticles .................................................................................. 6 
1.2.2 One-Dimensional (1D) Nanostructures .................................................. 9 
1.2.3 Two-Dimensional (2D) Nanostructures ................................................ 12 
1.2.4 Other ZnO Nanostructures .................................................................... 15 
1.3 ZnO Mesostructures ..................................................................................... 16 
1.4 Enhancement of Energy Conversion Efficiency of DSSCs ......................... 20 
1.4.1 Enhancement of Light Absorption ........................................................ 21 
1.4.2 Electron Collection and Injection Enhancement ................................... 26 
1.5 Project Objectives ........................................................................................ 28 
CHAPTER 2 SYNTHESIS OF ZnO NANOSHEETS DERIVED FROM 
SURFACTANT-DIRECTED PROCESS .............................................................. 35 
2.1 Background .................................................................................................. 35 
2.2 Experimental Details .................................................................................... 38 
2.2.1 Materials ............................................................................................... 38 
2.2.2 Synthesis of ZnO Nanosheets Structures .............................................. 39 
2.2.3 Preparation of ZnO DSSCs Devices ..................................................... 39 
2.2.4 Charaterizations .................................................................................... 40 
2.3 Results and Discussion ................................................................................ 42 
2.3.1 Preparation of LBZA Precursor and ZnO NS Structures ...................... 42 
2.3.2 Function of the Surfactant F127 ........................................................... 46 
2.3.3 Effect of Length of PEO Block ............................................................. 49 




2.3.4 Effect of Surfactant F127 Concentration .............................................. 52 
2.3.5 ZnO Nanosheets Growth Mechanism ................................................... 57 
2.3.6 Photovoltaic Property of DSSCs Based on ZnO NS ............................ 59 
2.4 Conclusions .................................................................................................. 62 
CHAPTER 3 DYE ADSORPTION AND PHOTOVOLTAIC 
PERFORMANCE OF ZnO NANOSHEETS IN DSSCs....................................... 64 
3.1 Background .................................................................................................. 64 
3.2 Experimental Details .................................................................................... 66 
3.2.1 Materials ............................................................................................... 66 
3.2.2 Preparation of ZnO NS Structures ........................................................ 66 
3.2.3 Preparation of ZnO DSSCs ................................................................... 67 
3.2.4 Characterizations ................................................................................... 67 
3.3 Results and Discussion ................................................................................ 67 
3.3.1 Effect of Dye Adsorption on Photovoltaic Performance ...................... 67 
3.3.2 Dye Adsorption Kinetics of ZnO Films with Different Thickness ....... 71 
3.3.3 Dye Adsorption Kinetics of ZnO Films at High Temperature.............. 77 
3.3.4 Dye Chemisorption Model on ZnO NS Surface ................................... 81 
3.4 Conclusions .................................................................................................. 83 
CHAPTER 4 SURFACE PLASMONIC EFFECT ON DSSCs BASED ON 
ZnO NS .................................................................................................................. 85 
4.1 Background .................................................................................................. 85 
4.2 Experimental Details .................................................................................... 88 
4.2.1 Materials ............................................................................................... 88 
4.2.2 Synthesis of Au Nanoparticles .............................................................. 88 
4.2.3 Synthesis of Au-SiO2 Asymmetric Nanoclusters ................................. 89 
4.2.4 Preparation of ZnO Nanosheets Structures ........................................... 89 
4.2.5 ZnO NS Incorporated with Au-SiO2 Asymmetric Clusters .................. 89 
4.2.6 Characterizations ................................................................................... 90 
4.2.7 Simulation of Extinction Spectra and Plasmonic Near-Field Maps ..... 90 
4.3 Results and Discussion ................................................................................ 91 
4.3.1 Au Nanoparticles .................................................................................. 91 
4.3.2 Growth Mechanism for Asymmetry Au-SiO2 Clusters ........................ 93 




4.3.3 Growth Process ..................................................................................... 97 
4.3.4 LSPR of Asymmetric Au-SiO2 Clusters ............................................. 100 
4.3.5 Au-SiO2 Cluster on Photovoltaic Property in DSSCs ......................... 103 
4.3.6 Enhanced Light Harvesting ................................................................. 107 
4.4 Conclusions ................................................................................................ 110 
CHAPTER 5 LARGE ZnO MESOCRYSTALS OF HEXAGONAL 
COLUMNAR MORPHOLOGY DERIVED FROM LIQUID CRYSTAL 
TEMPALTES ...................................................................................................... 112 
5.1 Background ................................................................................................ 112 
5.2 Experimental Details .................................................................................. 115 
5.2.1 Materials ............................................................................................. 115 
5.2.2 Synthesis of Large ZnO Mesocrystals ................................................ 115 
5.2.3 Preparation of ZnO DSSCs ................................................................. 116 
5.2.4 Characterizations ................................................................................. 116 
5.3 Results and Discussions ............................................................................. 117 
5.3.1 Effect of Temperature ......................................................................... 117 
5.3.2 Effect of CTAB ................................................................................... 128 
5.3.3 Interaction between CTAB and ZnO .................................................. 129 
5.3.4 Growth Mechanism ............................................................................. 132 
5.3.5 Surface Area and Optical Beheavior ................................................... 133 
5.3.6 Photovoltaic Behavior of DSSCs Based on ZnO Mesocrystals .......... 135 
5.4 Conclusions ................................................................................................ 136 
CHAPTER 6 GENERAL CONCLUSIONS ........................................................ 137 
CHAPTER 7 SUGGESTIONS FOR FUTURE WORK ..................................... 141 








ZnO nanostructures have emerged as a fascinating alternative to TiO2 in many 
applications including dye sensitized solar cells (DSSCs) owing to its similar 
band gap, energy level position of the conduction band and valence band to 
TiO2. Moreover, ZnO shows a much higher electron mobility than that of TiO2, 
making it more favorable for electron transport. In the present thesis, porous 
2D ZnO nanosheets were synthesized and applied in DSSCs, with the 
understanding that they exhibit high internal surface area that benefits the dye 
adsorption, efficient electrolyte diffusion and electron diffusion. For this 
purpose, a green and cost-effective process was explored to develop the 
uniform ZnO nanosheets on a large scale by pyrolysing layered basic zinc 
acetate (LBZA) precursors. The LBZA nanosheets were derived from a 
Pluronic F127 (EO106PO70EO106) directed process in aqueous solution. The 
observed effects of the type and amount of surfactants on the morphology of 
LBZA precursor suggested that the hydrogen bonding interaction between 
surfactant F127 and Zn(H2O)62+ played an important role for the development 
of LBZA phase by stabilizing Zn(H2O)62+ in aqueous solution. Mesoporous 
ZnO nanosheets were preserved when the LBZA precursor was subjected to a 
thermal treatment at 300 oC for 1 h in the air.  
 
The photovoltaic behavior of DSSCs based on the as-prepared ZnO nanosheet 
structures was studied. The optimal time of dye adsorption was shown to 
depend on the thickness of ZnO film. In order to control and optimize the 





of dye adsorption, which varies with the thickness. One-step of dye adsorption 
occurs for thick ZnO film, while the multi-step of dye adsorption occurs for 
the thin ZnO film. The density of adsorbed dyes on the surface ZnO film was 
largly determined by the dye adsorption model. The dye adsorption model, as 
well as the density of adsorbed dye on the ZnO surface could be adjusted by 
the temperature of dye adsorption.  
 
In order to improve the light harvesting capability of DSSCs based on the ZnO 
nanosheets structures, the localized surface plasmon resonance (LSPR) of 
noble metal nanoparticles was employed. The Au-SiO2 asymmetric clusters 
with Au nanoparticle positioned off-center have been successfully developed 
via a facile route modified from the Stöber method in aqueous solution. Based 
on the distinctive structure of Au-SiO2 asymmetric clusters, the intensity of the 
near-field was enhanced at the grain boundary between Au nanoparticles. The 
hybridization of plasmon modes supported by individual Au-SiO2 asymmetric 
cluster could be adjusted. These Au-SiO2 asymmetric clusters were 
incorporated into the ZnO photoanodes and shown to give rise to the expected 
LSPR enhanced light harvesting. As a result of the improved light harvesting, 
an enhancement in both photocurrent density and energy conversion efficiency 
were observed.  
 
Other than the conventional ZnO structures, highly ordered ZnO mesocrystals 
possessing high surface area are considered to be promising photoanode 
materials for DSSCs. ZnO mesocrystals of hexagonal columnar structure have 





mechanism for the ZnO mesocrystals is realized by employing liquid crystals 
(LCs) of cetyltrimethylammonium bromide (CTAB, CH3(CH2)15N+(CH3)3Br-) 
as templates, where the self-assembly process is relatively slow in the LCs, 
leading to the self-assembly of building blocks. CTAB LCs templates and 
their interactions with Zn(OH)2 precursor were confirmed to play an important 
role for the assembly of ZnO mesocrystals. The optical and photovoltaic 
behavior of ZnO mesocrystals were investigated, where both the optical and 
photovoltaic behavior could be strongly correlated to their structures.
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CHAPTER 1 INTRODUCTION 
 
1.1  Background 
 
The economic, technological and human growths are largely dependent on the 
available and sustainable energy. Nowadays, about 13 terawatts (TW) of 
energy is required to sustain 6.5 billion people living on the earth planet. By 
the year 2050, there will be an additional 10 TW of energy needed and three 
times more will be needed by the end of the century, due to the expansion of 
human population.1-4 The near-exponential increase in energy demand is 
rapidly exhausting the sources of non-renewable energy (i.e. coal, natural gas, 
and petroleum) at an alarming rate.5 The consumption of non-renewable 
energy has negative impact on the environment, where the typical example is 
the global warming of greenhouse gases when fossil fuels are burned.6 To 
meet the ever increasing energy demand and to reduce environmental damage, 
there is an urgent need to seek environmentally friendly, renewable and 
sustainable energy resources. 
 
Renewable energy can be tapped from several resources, including 
hydroelectric energy (0.5 TW), tidal energy (2 TW), wind power (2-3 TW), 
geothermal energy (12 TW), and solar energy (120,000 TW).2 Among these 
options, solar energy stands out as the most viable choice due to the abundant 
supply, environmental friendliness, and potential cost-effectiveness of the 
direct conversion of solar radiation into electricity. For solar energy, solar 
cells based on single-crystal silicon, also known as the first generation 
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photovoltaic devices, are commercially available and can deliver a conversion 
efficiency of approximately 15 to 20%. However, a major disadvantage of the 
single crystal-based devices is their high manufacturing and installation costs. 
The second generation devices, which are made up of semiconductor thin 
films, can bring down the cost significantly. However, their efficiency needs 
to be enhanced in order to make them practically viable and economically 
valuable.7 Currently, the third generation photovoltaic devices have attracted 
considerable attention, as they can deliver both high energy conversion 
efficiency and cost-effectiveness.8  
 
Dye-sensitized solar cells (DSSCs), which are among the third generation 
photovoltaic devices, enable the optical absorption and charge separation 
through the use of a sensitizer as the light-harvesting material and a 
nanocrystalline oxide semiconductor as the electron transport medium. An 
outline of the operating principles of DSSC is illustrated in Figure 1.1.  
 
 
Figure 1.1 An outline of the operating principles of DSSC device. (Adapted 
from reference 9) 
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A wide band gap metal oxide semiconductor, sensitized by a monolayer dye, 
is placed in contact with and interpenetrated by a hole-transport material. 
Photo-excitation of the dyes leads to the injection of electrons from the excited 
dye to the conduction band of the metal oxide semiconductor. The ground 
state of the dye is subsequently restored through the reduction by electrolyte. 
Charges diffuse through their respective phases and are collected at a 
transparent conducting electrode (FTO for electrons) or counter electrode (Pt-
glass for holes). The voltage thus generated under illumination corresponds to 
the difference between the quasi-Fermi level of the electron in the metal oxide 
semiconductor and the redox potential of the electrolyte. Overall the device 
generates electric power from light without suffering any permanent chemical 
transformation. The overall power conversion efficiency η of a solar cell is 
given as η = (FF × jsc × Voc) / Pin, where FF is the fill factor, jsc is the absolute 
value of current density at  short circuit, Voc is photovoltage at the open circuit 
and Pin is the incident light power density. In principle, the energy conversion 
efficiency of DSSCs is determined by the quantum efficiency of electron 
photogeneration, the electron-hole recombination rate, and the efficiency of 
electron transport. 
 
Recently, DSSCs have attracted much attention as they offer the possibility of 
being extremely inexpensive and efficient in solar energy conversion. 
Furthermore, they can be readily shaped with flexible substrates to satisfy the 
demands of applications in both conventional and non-conventional 
environments.9 In 1991 O’Regan and Grätzel made a remarkable discovery, by 
demonstrating an efficient (7%) DSSC based on a nanocrystalline TiO2 
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sandwich structure.10 Subsequent work by the Grätzel group quickly (1993) 
pushed the energy conversion efficiency to 10%.11 These timely milestones 
demonstrate that DSSCs, characterized by low fabrication cost and high 
energy conversion efficiency, are promising alternatives for the new 
generation of solar cells in replacement to conventional solid-state junction 
devices.  
 
However, the maximum energy conversion efficiency plateaued for DSSCs 
over the past 20 years with a record of ~12.3%.12 To push towards higher 
efficiency and better overall performance, various approaches have been taken. 
The photoanode, which is the core component of DSSCs, typically consists of 
a wide-band-gap oxide semiconductor of mesoporous structure has been 
intensively studied over the past two decades. In general, there is a need for 
high internal surface area, to increase the dye adsorption for harvest light 
effectively. There is also a need for enhancing electron transport within the 
photoanode. For such purposes, several different types of oxide 
semiconductors and their nanostructures have been synthesized, including for 
example TiO213, Nb2O514, ZnO15, SnO216, In2O317, and CeO218. Among these 
oxide semiconductors, the best performing DSSCs employed a photoanode 
based on TiO2 nanocrystalline structure. However, ZnO has recently emerged 
as a fascinating alternative to TiO2 due to the similar band gap of about 3.3 eV, 
conduction band energy and physical properties. In addition, the electron 
transfer processes from excited dye molecules are similar19 and the efficiency 
of electron injection into ZnO is almost equivalent to that into TiO2.20 
Moreover, ZnO shows a much higher electronic mobility than TiO2 (115–155 
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cm2/V·s compared to ~16 cm2/V·s for large single crystals of anatase TiO2),21 
making it favorable for electron transport and thus reduction of collection 
losses in DSSCs.22 ZnO has other advantages as the photoanode material in 
DSSCs, for example including: (i) well controlled crystallization and 
anisotropic growth; (ii) steady development of varying nanostructures; and (iii) 
flexibility in modification of the surface structure. Indeed, the development of 
ZnO-based DSSCs led to several new concepts being established, enabling a 
better understanding on the photoelectrochemical energy conversion.23  
 
Motivated by the great scientific and technological interests, investigation into 
DSSCs based on ZnO has been widely conducted, including studies into a 
wide range of novel structures. In the following sections, previous work on 
ZnO structures, including nanostructures (Section 1.2) and mesostructures 
(Section 1.3), as well as their applications in DSSCs will be briefly reviewed. 
The operating principles and enhancement in photovoltaic behavior of DSSCs 
based on ZnO photoanodes are discussed (Section 1.4). 
 
1.2 ZnO Nanostructures and Their Application in DSSCs 
 
Nanostructures are defined as those structures with at least one dimension 
between 1 and 100 nm, where one of the defining features is that the basic unit 
is in the range of nanometers.24 Indeed, a number of unique electrical, 
mechanical, chemical, and photovoltaic properties can be developed by 
reduction in feature size. The nanoscale dimensionality provides a much 
higher surface-area-to-volume ratio as compared to their bulk counterparts.25 
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A large surface area is the foremost requirement for the photoanode film in 
DSSCs in order to adsorb sufficient dye molecules and to enhance the 
harvesting of incident photons. Moreover, the nanostructures are relatively 
transparent in the entire visible range because the feature size is much smaller 
than the wavelength of visible light, thus reducing light scattering and 
enabling the visible light to penetrate into the thick films. In addition, common 
photoanode materials are wide-band gap semiconductors so that even thick 
oxide films do not absorb a significant amount of visible light.26 It is therefore 
essential to employ various nanostructures, in order to realize the ultimate aim 
of improving photovoltaic performance of DSSCs.  
 
Several nanostructural forms of ZnO have been developed over the past one 
decade, including nanoparticles,27,28 nanowires or nanorods,29,30 nanotubes,31 
nanobetls,32 nanosheets,33,34 nanotips,35 and nanorings and nanodisks.36 Some 
of these nanostructures have been demonstrated to strongly affect the 
photovoltaic performance of DSSC devices, where a large internal surface 
area generally improves the dye adsorption and transport pathways for 
electrons.  
 
1.2.1 ZnO Nanoparticles 
 
ZnO nanoparticles of varying shapes and sizes have been successfully 
synthesized via different physical or chemical approaches. The physical 
approaches, such as vapor phase deposition, thermal evaporation37 and metal-
organic chemical vapor deposition (MOCVD)38 are often performed at high 
temperature (>500 oC). On the other hand, chemical routes offer the potential 
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of being facile in scale-up and taking place at moderate temperature (<200 oC). 
ZnO particles of varying sizes and shapes have been achieved largely by 
various wet chemical routes.39-43 For example, ZnO particles of several 
nanometers in diameter were obtained by sol-gel route following the 
procedure of Spanhel and Anderson involving the addition of ethanolic lithium 
hydroxide solution to an ethanolic zinc acetate solution at 0 oC.28 They were 
also obtained by a precipitation route using organic additives as the 
stabilizers.44 ZnO nanoparticles of several tens nanometers in diameters were 
prepared by a procedure modified from Spanhel and Anderson, i.e., reaction at 
40 oC instead of 0 oC.45 By further increasing the reaction temperature, much 
larger ZnO clusters were resulted.46,47 Films of ZnO nanoparticles for DSSCs 
have been extensively studied.  
 
Fabrication of solar cell devices requires processing of ZnO nanoparticles into 
thick films for use as the photoanodes. Coating, either spin coating or dip 
coating is commonly used. Following the drying and heat treatment, the gel-
like structure is thermalized to generate a porous film on the substrate.48 
However, the film thickness is often limited in spin coating or dip coating, 
because it is difficult to prepare a crack-free thick film on a large scale. To 
address this problem, doctor-blade or screen printing techniques have been 
adopted for preparation of ZnO photoanodes, in which an organic binder such 
as Triton X-100, acetylacetone, ethanol, terpineol or ethyl cellulose, is added 
in order to facilitate film formation. Residual organic molecules are then 
removed by subsequent heat treatment, after which a porous structure is 
obtained. The conversion efficiencies of DSSCs based on ZnO nanoparticle 
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sizes are <2.5%.49,50 To improve the conversion efficiency, the interfacial 
kinetics involved need to be controlled, while the high porosity is maintained. 
ZnO films with well controlled nanostructures were demonstrated to give an 
overall conversion efficiency of as high as 5%, under AM 1.5 illumination 
with an intensity of 10 mW/cm2.19,51 Spray deposition, known for its 
simplicity and ease in controlling the parameters involved, has been used to 
prepare ZnO films by electric-field-induced self-assembly. In order to properly 
develop the films by this method, an organic solvent with desired dispersion 
capacity is needed, to disperse ZnO nanoparticles. Both the porosity and 
specific surface area of the resultant films can be controlled by adjusting the 
weight ratio of nanoparticles to organic solvent. A photovoltaic efficiency of 
3.4% was reported under AM1.5 illumination with an intensity of 100 
mW/cm2.52  
 
Based on the working principle of DSSCs as shown in Figure 1.1, one knows 
that electrons are photoexcited from the HOMO to the LUMO of dye 
molecules and are subsequently injected into the conduction band of ZnO 
nanoparticles. Thereafter, the photogenerated electrons diffuse through these 
partially sintered nanoparticles to the collecting electrode. During the transport 
process, an electron is estimated to experience 103-106 particles.53 However, a 
series of inter-particle barriers exist at the grain boundaries. The excess 
hopping through the interparticle barriers slows down the transport and 
increases the probability of charge recombination between the injected 
electrons and the oxidized dye or redox species in the electrolyte due to the 
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Figure 1.2 Schematic diagram of DSSC based on ZnO nanoparticles. 
Photogenerated electrons are trapped at grain boundaries, or to recombine with 
excited dye (i) or with redox species in the electrolyte (ii) during transport. 
(Adapted from reference 10)  
 
1.2.2 One-Dimensional (1D) Nanostructures 
 
To address the issue of electron recombination and to enhance the electron 
diffusion length, one promising solution is to employ ZnO 1D nanostructure 
arrays, such as nanowires, nanorods, and nanotubes, instead of films of 
nanoparticles. Because these 1D nanostructures are usually single crystals or 
quasi-single crystals, they can accelerate electron transport by providing a 
direct pathway for the rapid collection of photogenerated electrons. It has been 
reported that electron transport in 1D crystalline nanostructure is several 
orders of magnitude faster than that of the percolation through random 
polycrystalline networks. Thus, ZnO 1D nanostructures have been exploited 
and investigated extensively in order to improve electron transport in DSSCs 
over the past decade. Several of the ZnO 1D nanostructures can be easily 
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prepared owing to the facile growth along the c direction of ZnO wurtzite 
structure because the {0001} planes exhibits the highest energy.54,55  
 
The growth of ZnO 1D arrays is defined as a bottom-up (“atom-by-atom”) 
process, which includes the growth processes from either vapor phase (dry) or 
aqueous solution (wet). Severeal vapor-phase processes, such as MOCVD,56 
physical vapor transport,57 molecular beam epitaxy,58 thermal evaporation 
deposition,59 and pulsed laser deposition,60 can produce high-quality ZnO 1D 
nanostructures several tens of microns in lengths. However, they require high 
processing temperature of 450-900 oC, and often face the limitations such as 
non-uniformity, limited substrate choice, and low production yield. By 
contrast, solution routes, such as cathodic electrodepositon,61 wet-chemical 
method,62 and hydrothermal method30, are appealing because of the low 
growth temperature (<350 oC), and the potential for scaling up. One problem 
of the solution-grown ZnO 1D arrays reported previously was however that 
the aspect ratios were limited to less than 20, which are too small to for 
efficient DSSCs due to the low surface area. In order to develop high-
performance ZnO 1D photoanodes, longer ZnO 1D arrays with high surface 
area are required. Law et al63 prepared ZnO 1D nanostructure arrays with 
aspect ratios above 125 by employing a cationic polyelectrolyte 
(polyethylenimine), where polyethylenimine (PEI) hinders the lateral growth 
of the 1D arrays in solution while maintaining a relatively high density. They 
reported an overall energy conversion efficiency of 1.5% for DSSCs based on 
ZnO 1D arrays in 2005.63 There were similar investigations into ZnO 1D 
arrays for application in DSSCs.64-68  
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Nanotubes exhibit a hollow cavity, giving rise to a high level of porosity and a 
larger surface area than those of nanowires and nanorods. The ZnO nanotube 
structures can be synthesized by top-down (etch off) chemical process at low 
temperature.69,70 An overall conversion efficiency of 2.2% was reported for 
DSSCs with ZnO nanotube arrays possessing a typical hexagonal crystal 
structure with outer and inner diameters of ~250 nm and ~100 nm, 
respectively.71 ZnO nanotube arrays was also prepared by coating anodic 
aluminum oxide (AAO) membranes via atomic layer deposition (ALD), 
yielding an energy conversion efficiency of 1.6%, which was primarily limited 
by the modest roughness factor of commercial membranes.72  
 
Figure 1.3 Schematic diagram of ZnO 1D arrays illuminated by sunlight. 
(Adapted from reference 63) 
 
In general, ZnO 1D arrays with higher electron mobility than that of 
nanoparticles are believed to be effective in improving the photovoltaic 
performance of DSSCs. However, the overall energy conversion efficiency 
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reported for DSSCs based on ZnO 1D arrays is low. One of the most likely 
reasons is the low internal surface area, leading to a lower light-harvesting 
capability. For example, nanowires with lengths of about 25 μm and diameters 
between 40 and 80 nm exhibit an overall surface area of only one-fifth as large 
as that of the films comprising of nanoparticles. Figure 1.3 shows a schematic 
diagram of ZnO 1D array illuminated by sunlight. It demonstrates that the 
upstanding 1D arrays are not favorable for light-harvesting because some 
photons could possibly fall on the gaps between adjacent ZnO 1D array 
elements, which would not result in absorption by dye molecules that are 
adsorbed on ZnO.  
 
1.2.3 Two-Dimensional (2D) Nanostructures 
 
Besides ZnO 0D and 1D nanostructures, 2D nanoporous ZnO films were also 
studied as photoelectrodes in DSSCs due to their high levels of porosity, 
which would be beneficial for effective electrolyte diffusion. In addition, these 
nanostructures also promote efficient electron diffusion from the locations of 
generation to the collection electrode in DSSCs, resulting in a decrease in both 
the series resistance and the recombination rate, as shown in Figure 1.4.  
 




Figure 1.4 Schematic diagram of ZnO 2D porous array photoanode. (Adapted 
from reference 79) 
 
A number of fabrication processes have thus been developed for ZnO 2D 
nanostructures, one of which is the vapor phase deposition via thermal 
oxidation of Zn/ZnS powder or by carbon-thermal redox of ZnO powders.73,74 
The vapor phase reaction is typically conducted at high-temperatures of over 
1000 oC, and therefore requires specific types of substrates. The resultant ZnO 
nanosheets exhibit a small specific surface area due to the relatively flat 
surfaces at atomic level. By contrast, solution-based processes, such as 
electrochemical deposition and chemical bath deposition, show the 
characteristics advantageous to form ZnO 2D nanoporous structures with 
nanowalls vertically grown on the substrate at low temperature.  
 
Electrochemical deposition is a generally reproducible, simple and low-cost 
route for the preparation of porous ZnO nanosheet films possessing a large 
surface area. Its main advantage is that the growth of oriented 2D structures, 
where thickness of the films can be modestly controlled by adjusting the 
deposition parameters. Xi et al75 described a typical electrochemical 
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deposition process for ZnO nanosheets, and demonstrated that the applied bias 
voltage, deposition time, and nucleation rate could significantly affect the film 
structure, especially the level of porosity. Maiti et al76 have observed that 
certain additives, such as polyvinyl alcohol (PVA), could mediate the growth 
of ZnO nanosheets. The grain size, and thus the surface morphology of ZnO 
nanosheets, could be strongly influenced by the PVA concentration.  
 
Other than the direct deposition of ZnO nanosheet films, a two-step synthesis 
process for ZnO nanosheet films by thermal pyrolysis of layered basic zinc 
salt (LBZS) precursor was reported. The chemical bath deposition (CBD) 
method has been widely employed. ZnO 2D films synthesized by the two-step 
process show a nest-like morphology and a porous structure. The typical 
fabrication process can be described as follows: (i) formation of LBZS, such 
as Zn5(OH)8(CH3COO)2·2H2O, by hydrolysis of zinc salts in solvent, (ii) 
deposition of LBZS film on a substrate at 60 oC by heterogeneous nucleation, 
and (iii) heat treatment at a temperature above 150 oC to transform the LBZS 
precursor into crystalline ZnO. An overall energy conversion efficiency of 
2.3% was achieved based on the ZnO nanosheets derived from pyrolysis of 
Zn5(OH)8Cl2 films under AM1.5 illumination with an intensity of 100 
mW/cm2.77 Hosono et al78 systematically studied the performance of DSSCs 
of ZnO 2D nanoporous photoanodes. They achieved an overall energy 
conversion efficiency of 3.9% when 10-μm-thick ZnO films were sensitized 
by N719 dye, with an immersion time of 2 h.  
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The photovoltaic performance of DSSCs based on porous ZnO 2D structure is 
generally better than that of DSSCs based on ZnO 0D and 1D nanostructure, 
with average energy conversion efficiencies in the range of 1.5 % to 2.5% 
have been reported. ZnO 2D nanostructures are therefore believed promising 
candidates for applications in DSSCs as compared to other ZnO 
nanostructures. 
 
1.2.4 Other ZnO Nanostructures 
 
Owing to the advantages of ZnO nanostructures, other morphologies, such as 
nanobelts, nanotetrapods, and nanotips, have also been studied for application 
in DSSCs. Some of these ZnO nanostructures do not only have a large specific 
surface area, but also have special architectures, which would be interesting 
because specific surface area is not the only factor that determines the overall 
energy conversion efficiency of DSSCs. For example, photovoltaic 
performance can be significantly affected by the geometrical features of 
photoelectrode films, which affect the electron transport and light propagation. 
 
ZnO nanobelt structures were prepared via an electrodeposition route, 
followed by sintering at 500 oC for 1 h,80 where polyoxyethylene cetylether 
was employed as a liquid crystal template. The resultant ZnO nanobelt arrays 
showed a highly porous stripe structure with a nanobelt thickness of 5 nm 
together with a typical surface area of ~70 m2/g. The photovoltaic conversion 
efficiencies thus achieved could be as high as 2.6%.   
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In addition to ZnO nanobelts, ZnO tetrapods (which possess a three-
dimensional structure consisting of four arms extending from a common core) 
were also prepared and studied for application in DSSCs. The length and 
diameter of the arms could be easily adjusted by changing the synthesis 
parameters, such as the substrate temperature and oxygen partial pressure 
during vapor deposition. Multiple-layer deposition could result in tetrapods 
connected to each other so as to form a porous network with a large specific 
surface area. The films consisting of ZnO tetrapods gave rise to an overall 
energy conversion efficiencies of 1.2-3.27% when used in DSSCs. 81,82  
 
Other than 3D ZnO tetrapod structures, ZnO nanotips were investigated for 
photovoltaic performance in DSSCs.35,83 The overall energy conversion 
efficiency is dependent on the length of ZnO nanotips. For example, an overall 
conversion efficiency of 0.55% was measured for 3.2-μm-long ZnO nanotips. 
It has been reported that the ZnO nanotips could present a higher overall 
conversion efficiency at higher light intensities than that of TiO2 nanoparticles. 
This implies the non-trap-limited electron transport, where the nanotips 
provide a faster conduction pathway. This feature allows for stable and 
efficient DSSCs under high light illumination.35  
 
1.3 ZnO Mesostructures 
 
From the literature review described in section 1.2, it can be seen that 
photoanodes of ZnO nanostructures exhibit a generally poor light-harvesting 
capability in the entire spectra of visible light, because the nanostructure size 
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is much smaller than the wavelength of visible light. In order to improve the 
light-harvesting capability, one approach is to increase the film thickness, 
making it larger than the light-absorption length (which is determined by the 
dye loading and extinction coefficient) to capture more photons. However, the 
film thickness is constrained, i.e., smaller than the electron-diffusion length so 
as to avoid or reduce recombination.84,85 Therefore, there is a need to tune the 
geometrical structures, which would ideally possess high light-harvesting 
capability within a reasonable film thickness. Usami, Ferber and Luther, and 
Rothenberger et al86-88 have demonstrated that the large-sized hierarchical 
particles (mesostructures) can greatly improve the optical absorption of 
DSSCs. The fraction of total power absorbed can be expressed as: A(λ) = 
ξQscat(λ)fsubstrate(λ) + (1-ξQscat(λ))(1 - Rs(λ)), where, ξ is the fraction of 
scattering centers, Qscat is the normalized scattering cross section of the 
mesostructures, fsubstrate is the fraction of the total scattered light, and Rs(λ) is 
reflection from the semiconductor materials. The path length of the scattered 
light is increased to L/cos(ɵ), where ɵ is the angle between the scattered light 
and the surface normal. Therefore, there has been increasing interest that 
focuses on the construction of hierarchical mesostructures, for example, by 
using nanocrystals as the building blocks with the assistance of templates.87-89  
 
Several techniques have been developed to prepare ZnO structures of sub-
micrometer sizes to improve the performance of DSSCs. Cao et al89 have 
reported the formation of hierarchically structured ZnO aggregates, achieved 
by hydrolysis of zinc salt in polyol medium at 160 oC. The significant features 
of these aggregates included a porous structure and geometrical size 
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comparable to the wavelengths of visible light. An overall energy conversion 
efficiency of up to 5.4% was achieved with these ZnO hierarchical structures, 
because of the strong light scattering. ZnO hierarchical flower structures 
consisting of upstanding nanowires and outstretched branches were 
synthesized by a hydrothermal process at 95 oC by employing a zinc chloride 
aqueous solution with a small amount of ammonia. These hierarchical ZnO 
flower structures are about 200 nm in diameters. A power conversion 
efficiency of 1.9% was attained based on the hierarchical flower ZnO 
photoanode, which is better than that of ZnO 1D nanowire structures. It 
benefits from both a large surface area and the increased light scattering, while 
maintaining a direct pathway for electron transport along the channels from 
the branched petals to the nanowire backbone.90 ZnO spheres of hierarchical 
structures consisting of nanosheets were synthesized by hydrothermal 
treatment using oxalic acid as the capping agent. A power conversion 
efficiency of 2.61% was achieved for the hierarchical nanosheet-spheres, due 





Figure 1.5 Schematic diagram showing possible mechanisms of mesocrystal 
formation: I) nanoparticle alignment by physical fields, II) nanoparticle 
alignment by mineral bridge connecting the two nanoparticles and III) 
nanoparticle alignment by oriented organic matrix. (Adapted from reference 
92)  
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Although the light-harvesting capability can be improved by light-scattering 
centers, the energy conversion efficiency of DSSCs based on various ZnO 
mesostrucures is not very high, due to the low surface area to adsorb the 
sensitizer and insufficient electron transport because of the random 
polycrystalline structure. To overcome this limitation, mesocrystals (3D 
ordered superstructures) have received considerable attention due to their 
special structural features. Mesocrystals are single crystal-like with 
nanoparticles oriented along a certain direction but they are porous, in contrast 
to continuous single crystals.92 A non-classical formation mechanism of 
mesocrystals is shown in Figure 1.5. Firstly, nanocrystals are formed via 
classical nucleation and crystal growth, then, nanoparticles, used as the 
building units, will undergo a mesoscale oriented self-assembly process in the 
presence of the template, such as a mineral bridge or organic matrix, or 
undergo a mesoscale oriented self-assembly by some external physical force, 
including magnetic or dipole forces.  
 
As a result of their unique structural features, mesocrystals have been 
proposed to have considerable potential-applications than single crystal and 
polycrystalline materials, such as in photovoltaic, photocatalytic, and sensing 
fields, which need both a high crystallinity and a high porosity at the same 
time. Recently, several different types of ZnO mesocrystals with external 
facets have been synthesized in the presence of organic additives, either 
polymers or surfactants. For example, ZnO hexagonal nanorings and 
nanodisks had been prepared by using polyacrylamide (PAM), and carboxyl-
functionalized polyacrylamide (PAM-COOH) or gelatin as the additives.35, 93 
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Platelet ZnO mesocrystals have been formed with the assistance of surfactant 
cetyltrimethylammonium bromide (CTAB).94 Pseudospherical ZnO 
mesocrystals can be formed in the presence of polyvinylpyrrolidone (PVP).95 
Other than these ZnO mesocrysts, hollow ZnO mesocrystal powders were also 
reported.96, 97 These previous works mainly focus on the growth mechanism of 
mesocrystals, and few have reported the photovoltaic performance of DSSCs 
based on ZnO mesocrystals. 
 
1.4 Enhancement of Energy Conversion Efficiency of DSSCs 
 
The highest energy conversion efficiency reported for the DSSCs based on 
ZnO films so far are not comparable with those of the DSSCs based on TiO2 
films, which are about 12.3%. Therefore, it would be of interest to look into 
ways to modify the ZnO photoanodes in order to enhance the overall energy 
conversion efficiency. The  two  main strategies for enhancing the 
photovoltaic behavior include: (i) to enhance light absorption in order to 
produce more photoelectrons by means of introducing a light harvesting 
structure, such as the use of mesostructures for scattering centers, branched 
nanostructures for increasing surface area, and noble metals for localized 
surface plasmonic enhancement; (ii) to increase the electron collection and 
injection efficiency by providing a direct electrical pathway, and thus 
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1.4.1 Enhancement of Light Absorption 
 
Compared to the conventional DSSCs based on TiO2 photoanode, the amount 
of adsorbed dyes (e.g. N3, N719, or “black” dye) on ZnO structures is 
generally smaller. For example, 1.3×10-7 mol/cm2 for 10 µm thick nanoporous 
TiO2 photoanode with η= 10% sensitized with N3 dyes98 is compared to an 
effective dye loading of much smaller than 1.3×10-7 mol/cm2 for ZnO 
photoanode with the same thickness.99,100 This relatively insufficient dye 
adsorption causes low light-harvesting. The absorption of light by the 
monolayer of dye is weak because of the area occupied by one molecule is 
much larger than its optical cross section for light capture.85 In addition, the 
extinction coefficient of dye molecules is low in the infrared part of the 
spectrum. Therefore, any improvement in the light-harvesting capability for 
the ZnO photoelectrodes would be of considerable interest, both scientifically 
and technologically. Maximizing the light harvesting generally requires: (a) an 
extension of light transport length via optical confinement; (b) a sufficiently 
high internal area to enable absorptivities for the surface-attached dyes to 
exceed 1 over the spectral region of interest. 
 
1.4.1.1 Light Scattering Enhancement 
 
Nanocrystalline structures used as the photoelectrode films in DSSCs can 
provide a large internal surface area for efficient dye adsorption and light 
harvesting. However, the photoanode films composed of nanocrystallites are 
transparent to visible light because the nanocrystallite size is much smaller 
than the wavelength of visible light. Thus, a single layer of nanocrystal film is 
insufficient to harvest light at wavelengths where the commercially dye 
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absorbs weakly. As mentioned in section 1.3, ZnO mesostructures possessing 
an appropriate particle size can greatly enhance the light harvesting due to the 
strong effect of light scattering. Therefore, a combination of nanocrystals and 
mesostructures is widely accepted for compensating the deficiency of 
nanocrysalline films in the optical absorption region where the dye is not as 
efficient at absorbing light. With such a mixed structure, the incident light can 
be reflected within the nanocrystalline film by scattering centers, thus 
extending the traveling distance of light within the photoelectrode film and 
increasing the probability of photon absorption by the dye molecules. It has 
been reported that large particles embedded in the nanocrystal structure could 
increase the overall energy conversion efficiency to 10% from the initial 
~7.1% for the films sensitized with N3 dye due to the enhancement in light 
scattering.101 With the additional effect of light scattering, an overall energy 
conversion efficiency of 5.4% was developed for ZnO hierarchical 
structures.89 The improvement in light harvesting efficiency by incorporating 
mesostructures makes it possible to create thinner photoelectrode films than 
those made of nanoparticles alone, without decreasing the optical absorption 
of the photoelectrode. The decreased thickness increases both the open-circuit 
voltage and photocurrent density of the solar cell. Thus, photoelectrode films 
comprising of nanocrystals and mesostructures with thicknesses less than that 
of nanocrysalline films in conventional DSSCs may lead to a breakthrough in 
the improvement of DSSCs efficiency. 
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1.4.1.2 Branched Structure Enhancement 
 
As mentioned in section 1.2.2, a major problem for the structure with fast 
electron transport is the low light harvesting ability due to the low surface area. 
With this consideration, 1D ZnO in various branched structural forms with 
increased surface area for dye adsorption has been developed for DSSCs. For 
example, Cheng et al102 made a branched 1D ZnO nanostructure consisting of 
up-standing nanowires and outstretched branches by a simple low-temperature 
solvothermal technique. The 1D secondary branches directly attached to the 
main ZnO nanowire backbone could both afford a direct conduction pathway 
and achieve higher dye adsorption, leading to a further improvement in the 
power conversion efficiency of DSSCs. The energy conversion efficiency of 
DSSCs based on such ZnO branched nanowire structures was twice as high as 
that of the bare ZnO nanorod structure with the same thickness. The ZnO 
“nanoforest” structure, consisting of a high density and long-branched 
“treelike” multi-generation hierarchical ZnO structures, has been shown to 
significantly increase the power conversion efficiency, by substantially 
enhancing the surface area, leading to a higher dye loading, higher light 
harvesting and reduced charge recombination by the direct conduction along 
the crystalline ZnO nanotree multi-generation branches.103 An overall energy 
conversion efficiency of about 2.63% was obtained for the ZnO nanoforest 
structures, which is almost three times of that of the bare ZnO nanowire 
structure with the same thickness. Other than ZnO 1D nanowire branched 
structures, ZnO 1D structures combined with ZnO nanoparticles have been 
reported; The amount of adsorbed dye, light harvesting, and the overall energy 
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conversion efficiency were all increased due to the increased surface area in 
association with the incorporated ZnO nanoparticles.104 
 
A hierarchical ZnO nanosheet-nanowire architecture was derived from ZnO 
nanosheet arrays by a facile two-step synthesis process in order to increase 
incident light absorption.105 This new concept is based on the consideration 
that the nanosheet arrays alone cannot capture the photons completely due to 
the existence of gaps inherent in the morphology. However, these hierarchical 
ZnO nanowire-nanosheet architectures can provide both a larger internal 
surface area and a direct pathway for electron transport along the channels 
from the branched nanowires to the nanosheet backbone. An overall energy 
conversion efficiency of 4.8% was reported for the ZnO nanowire-nanosheet 
architecture. It was nearly twice as high as that of the DSSCs with bare 
upright-standing ZnO nanosheet arrays. 
 
1.4.1.3 Surface Plasmonic Enhancement 
 
The absorbers, dye molecules adsorbed on the surface of ZnO structures, 
cannot harvest the full range of solar spectrum.106,107 In addition, the amount 
of the absorber is also limited by the insufficient interfacial surface area of 
ZnO photoanodes. To address this issue, certain metallic nanostructures, such 
as gold and silver nanoparticles, have been employed. These metal 
nanoparticles exhibit widely varying absorption profiles in the visible light 
region because of pronounced surface plasmon absorption, which is caused by 
the collective oscillation of free conductive electrons induced at the interface 
between the metal and a dielectric by the electric field of the incident light.108 
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Therefore, the metal nanoparticles can act as an effective antenna for the 
incident sunlight that stores the incident energy in a localized surface plasmon 
mode. The physical thickness of the photovoltaic absorber layers can be 
greatly reduced, while keeping their optical thickness constant because of the 
surface plasmon absorption. The effectively increased absorption cross-section 
via surface plasmon absorption has been proposed to be a promising pathway 
to increase the light absorption of the metal oxide photoanode in DSSCs.109 
 
In principle, plasmonic effects can enhance the light absorption, charge carrier 
generation and photocurrent generation, which have been demonstrated with 
TiO2 films incorporating silver islands and a sparse coating of gold.110,111 In 
addition to TiO2 thin films, plasmonic enhanced performance has been also 
observed with thick films of TiO2 nanoparticles incorporating Ag 
nanoparticles.112 The plasmonic structure of sandwiched TiO2/NPs-Ag/TiO2 
photoanodes enhances the performance of DSSCs. However, it was observed 
that the photocurrent, photovoltage and fill factor of DSSCs might be affected 
by the incorporation of bare Au or Ag nanopraticles, where the metal 
nanoparticles acted as recombination centers or were corrode by the 
electrolyte.113 In order to overcome this drawback, Snaith and co-workers 114 
developed an Au-SiO2 core-shell structure with thick films of TiO2 
nanoparticles, and reported plasmonic enhanced light absorption, photocurrent, 
and overall efficiency for DSSCs. The Au-SiO2 core-shell structures are aimed 
at both avoiding the gold nanoparticles as recombination center, and adjusting 
the distance between the metal nanoparticle and the chromophore. With the 
plasmon-enhanced light absorption, the photocurrent and efficiency of 
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nanocrystalline TiO2 films with Au-SiO2 core-shells were twice that of 
nanocrystalline TiO2 films. 
 
The enhancement in light absorption by localized surface plasmon resonance 
is significant compared to the enhancement of light absorption via various 
geometrical structure enhancements. This is because the light scattering center 
will normally decrease the surface area, while it is not easy to design efficient 
branched structures to absorb light. However, it is relatively easy to prepare a 
photoanode structure with metal nanoparticles being incorporated, maintaining 
the high surface area of ZnO photoanode.  
 
1.4.2 Electron Collection and Injection Enhancement 
 
Other than improving the light harvesting capability, fast electron collection 
and injection are also required to enhance the photovoltaic performance of 
DSSCs. For this purpose, several highly oriented ZnO nanostructures, such as 
1D nanowires, nanotube and nanorod arrays, and 2D nanosheet arrays, have 
been designed and employed as the photoanode to increase the electron 
diffusion length. It is also crucial to increase the electron injection efficiency 
and decrease the loss of photoelectrons in the ZnO nanostructure, in order to 
lead to an enhancement in the overall energy conversion efficiency.  
 
It is known that the injection of photogenerated electrons occurs from excited 
dyes to the conduction band of metal oxide semiconductor via the carboxyl 
groups of dye molecules, which are directly connected to the metal oxide 
semiconductor. In general, a monolayer of dye molecules is formed 
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homogeneously on the surface of the metal oxide semiconductor. These dye 
molecules are active and effective for electron injection. However, for ZnO 
nanostructures, other than the adsorption of a monolayer of dyes on ZnO 
surface, the surface structure of ZnO crystals may be degraded when they are 
soaked in the acidic dye solutions for an extended period of time. Therefore, 
on the exterior of the dye monolayer, Zn2+/dye complexes can be formed, 
which has been attributed to the dissolution of surface Zn atoms by the protons 
released from the dye molecules in ethanolic solution. Moreover, the Zn2+/dye 
complexes can further form a thick covering layer, increasing with the 
immersion time in the dye solution. The Zn2+/dye aggregates are inactive for 
electron injection from the excited dye molecules to the conduction band of 
ZnO. The ZnO photoanodes are limited by their stability in the acidic dye 
solution, resulting in insufficient electron injection and thus poor performance 
of DSSCs. Horiuchi et al.115 studied the formation of Zn2+/dye-complex layer 
on ZnO nanoparticle surface, by preparing N3-coated ZnO nanoparticle films 
and comparing the transient absorption and fluorescence spectra of those films 
immersed in the dye solution for different time durations. They observed that 
such a complex layer could always be observed if the immersion time was 
longer than 3h. Westermark et al116 and Chou et al117 also verified that a short 
sensitization time might be favorable to avoid the formation of Zn2+/dye 
complexes. Furthermore, they also noted that the formation of Zn2+/dye 
complexes was very sensitive to the experimental conditions, resulting in 
considerable difference in the optimization of sensitization time. The 
instability of ZnO arises from its surface characteristics in acidic dyes. In 
general, in an aqueous solution, the oxide surface is predominantly positively 
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charged at a pH below the point of zero charge and negatively charged above 
this value. In the case of ZnO sensitization by Ru-complex dyes, the pH (pH = 
5) is much lower than the point of zero charge (pH ≈ 9), and therefore the ZnO 
surface is positively charged. Thus, protons adsorbed on the surface will 
dissolve ZnO.51 Bahnemann118 has shown that dissolution of ZnO colloids 
occurs below pH 7.4. Theoretical investigation by Persson et al119 also suggest 
that the adsorption of formic acid (HCOOH) on ZnO (100) surface may 
increase the bond length between Zn and O atoms, and thus weaken the Zn-O 
bond, giving rise to the dissolution of surface Zn atoms. Therefore, there is a 
need to reduce the formation of Zn2+/dye complexes by controlling the 
experimental conditions, in order to enhance electron injection. One recent 
study has suggested that temperature may have an effect on the adsorption and 
aggregation of dye on the ZnO surface120. A higher temperature can 
effectively reduce the dye aggregation and increase the amount of dye 
adsorbed on the ZnO.120 
 
1.5 Project Objectives 
 
On the basis of the discussion above, one can see that in the design of ZnO 
structures for use as the photoanode in DSSCs, it would be necessary to look 
into novel ZnO nanostructures, especially those that can be prepared on a large 
scale with a high specific surface area, efficient dye loading, fast electron 
transport and proper electron diffusion length. It would also be necessary to 
understand the growth process of these novel ZnO structures in order to 
optimize their structures and performance in DSSCs. In addition, motivated by 
CHAPTER 1 INTRODUCTION 
29 
 
the potential of DSSCs as a low-cost alternative to silicon-based solar cells, 
there is a considerable driving force to enhance their overall performance. It 
would therefore be timely to explore a cost-efficient pathway to synthesize the 
novel ZnO structures on a large scale. It would be of further interest to 
investigate their photovoltaic performance in DSSCs. More specifically, the 
scopes of this project are briefly described as follows:  
 
Firstly, among the various ZnO nanostructures investigated, ZnO 2D 
structures formed by the pyrolysis of LBZA precursors, are under studied, 
although they are believed to be promising for application in DSSCs. These 
ZnO 2D structures are highly porous with a high level of internal surface area 
generated by the decomposition of LBZA precursor, which would be 
beneficial for the dye adsorption and efficient electrolyte diffusion. These ZnO 
2D structures would also be able to promote efficient electron diffusion from 
the location of generation to the collection electrode due to the highly ordered 
structures, giving rise to a decrease in both the series resistance and the 
recombination rate.  
 
Although some prelimnary work has been done with ZnO 2D structures 
obtained by pyrolysis from LBZA precursor, there still remain several 
unsolved issues. For example, previous studies are restricted to slowing down 
the hydrolysis process by controlling the kinetic parameters involved in 
converting LBZA to ZnO. The diffusion rates of Zn2+ and OH- are controlled 
by adding some viscous reagents to obtain the 2D structures by adjusting the 
ratio of Zn2+ to OH- ions in aqueous solutions. This makes it hard to 
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synthesize uniform LBZA precursors on a large scale.  Another route 
employed to slow down the hydrolysis process is to conduct the wet chemical 
reaction in an organic solvent, instead of aqueous solution. Although a 
uniform LBZS precursor could be obtained, use of any organic solvents will 
be associated with high cost, and environmentally unfriendly.  
 
Therefore, it would be necessary to explore a facile, green and cost-effective 
pathway to synthesize uniform and porous ZnO 2D structures on a large scale 
by pyrolysing LBZA precursors. Compared to the kinetic control in previous 
study for the formation of ZnO 2D structure, the growth of ZnO 2D structure 
by thermodynamic control in the presence of surfactants in an aqueous 
solution should make it much easier for developing the wanted uniformly 
porous structures.  
 
Secondly, it is widely known that, for application in DSSCs, there is a 
requirement for a large surface area and high electron mobility. However, the 
highest energy conversion efficiency reported for the DSSCs based on ZnO 
2D porous films so far are not comparable with those of counterparts based on 
TiO2 films, which is about 12.3%. One of the most likely reasons responsible 
for the poor overall solar energy conversion efficiency is the instability of ZnO 
surface, shown to be compromised in the acidic dye solution to form Zn2+/dye 
complexes. Several previous studies have suggested that Zn2+/dye complex 
would greatly affect the photoelectron injection from the excited dye to the 
conduction band of ZnO, leading to inactive dye molecules and poor 
photovoltaic efficiency. 
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Having recognized the major issues of DSSCs with ZnO as the photoanode, 
considerable efforts have been made to improve the stability of ZnO structures 
in the acidic dye solution, in order to reduce the development of Zn2+/dye 
complexes and enhance the density of effective dye adsorption, then to 
increase overall energy conversion efficiency. For example, the pH value of 
the dye solution can be changed, which can be done by adding appropriate 
type and amount of bases. Coating a layer of TiO2 on the surface of ZnO has 
also been studied, in order to prevent it from corrosion by the acidic dye 
solution. Despite the various approaches, it would be rather difficult to 
completely eliminate the formation of Zn2+/dye complexes when the ZnO 
surface was exposed to the dye solution.  
 
The relationship between photovoltaic behavior and dye adsorption is another 
interesting aspect for further study. However, little is known about the dye 
adsorption kinetics in DSSCs based on ZnO structures. A proper 
understanding on the formation of Zn2+/dye complexes as well as the density 
of dye adsorbed on ZnO surface would be of considerable value. In addition, it 
is also very important to know the chemisorption model on the surface of ZnO 
in order to understand the key processes controlling the photovoltaic behavior.  
 
Thirdly, other than the electron injection in DSSCs arising from the formation 
of Zn2+/dye complexes, a likely reason for the poor photovoltaic efficiency is 
the low light absorption efficiency, because of the low density of adsorbed dye 
on the ZnO surface and the low extinction coefficient of dye molecules. 
Therefore, it will be of considerable interest, both scientifically and 
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technologically, to enhance the light-harvesting capability of the photoanode. 
Recently, the light-harvesting capability of ZnO photoanodes was shown to 
improve by means of introducing a light harvesting structure, such as a 
mesostructure for scattering centers, branched nanostructures for increasing 
the amount of adsorbed dye, and nanoparticles of noble metals for localized 
surface plasmon resonance. In particular, the enhancement by localized 
surface plasmon resonance in light absorption and energy conversion 
efficiency is substantial. The metal nanoparticles can be incorporated into a 
ZnO photoanode structure via several solution-based routes. The effect of high 
near-field intensities in association with the localized surface plasmonic 
resonance on the light absorption in DSSCs is due to the effective light 
confinement.  
 
Although there have been reports on the surface plasmon resonance 
enhancement of energy conversion efficiency in DSSCs, these previous 
studies were concentrated on metal@SiO2 core shell structures, incorporated 
into TiO2 thin or thick films consisting of nanoparticles. Few research studies 
have been conducted using porous ZnO 2D structures. Compared to TiO2, the 
effect of localized surface plasmon on the overall energy conversion efficiency 
is more significant when loose ZnO 2D structures are employed. This is 
because light can be well reflected in the porous ZnO 2D structure, although 
the shadowing effect cannot be avoided, which may lead to a restriction of 
light penetration.  
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It is well known that the plasmonic near-field is confined within only a tiny 
region of nanometer length scale near the surface of metal nanoparticles and 
decay significantly. Therefore, the thickness of SiO2 coating layer needs to be 
thin in order to obtain a strong optical interaction between Au nanoparticle and 
the adsorbed dye molecule. The hybridization of plasmon modes supported by 
the individual Au cluster is generated due to the small separation distance 
between Au clusters, causing a surface plasmon resonance shift. Different 
from the Au-SiO2 core-shell structures, an important feature of the Au-SiO2 
off-centered clusters is that the asymmetric Au-SiO2 clusters include both a 
thinner SiO2 layer side, in which a strong optical interaction between Au 
nanoparticles and adsorbed dye molecules can be obtained, and a thicker SiO2 
layer side, where the surface plasmon mode of individual Au cluster can be 
maintained. Therefore, it would be of interest to study the surface plasmon 
enhancement using Au-SiO2 off-centered clusters.  
 
Finally, there is need for a strategy to improve the photovoltaic performance 
of DSSCs by developing ZnO with large electron mobility and a level of 
porosity together. For this purpose, the highly ordered ZnO mesocrystals 
possessing a high surface area together with desired electron mobility, are 
considered promising for the photoanode in DSSCs. ZnO mesocrystals are 
single crystal-like, with nanoparticles oriented along a certain direction, and 
they are much more porous compared to the lattice-continuous single crystals. 
Although several types of ZnO mesocrystals have been successfully 
synthesized via wet chemical routes, their growth mechanisms are far from 
being clear. In order to understand the non-classical crystal growth mechanism 
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for mesocrystals, there is a need for developing a novel and facile preparation 
process by employing liquid crystals (LCs) of cetyltrimethylammonium 
bromide (CTAB, CH3(CH2)15N+(CH3)3Br-) as the templates. The self-
assembly process in LCs is relatively slow, giving an opportunity to observe 
the self-assembly of building blocks. It would be further meaningful to apply 
these mesocrystals into DSSCs, and understand their performance. 
 
The scope of this thesis is outlined as follows: Firstly, a detailed study is 
presented on a modified wet-chemical process for synthesizing ZnO 
nanosheets, where the growth mechanisms are discussed, in Chapter 2. These 
ZnO nanosheets are then applied into DSSCs, where the dye adsorption 
kinetics and chemisorption model are investigated, as detailed in Chapter 3. In 
Chapter 4, a detailed study is conducted with the Au-SiO2 nanostructures, 
including their synthesis and plasmonic enhancement in performance when 
used as photoanode in DSSCs based on ZnO nanosheets. For DSSCs 
application, ZnO mesocrystals are investigated in Chapter 5, including their 
structure development and photovoltatic performance. Finally, the general 
conclusions, suggestions for future work are summarized in Chapter 6, and 
Chapter 7, respectively. 
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CHAPTER 2 SYNTHESIS OF ZnO NANOSHEETS 




Since Grätzel group reported the dye-sensitized solar cells (DSSCs) with 
energy conversion efficiency around 11% using TiO2 nanocrystallites as 
photoanodes,121 DSSCs have attracted intensive research interests due to their 
cost-effective operation mechanism. Recently, ZnO has emerged as a 
fascinating alternative to TiO2 owing to its similar band gap of about 3.3 eV, 
energy level position of the conduction band and valence band as for TiO2. 
Moreover, ZnO shows a much higher electron mobility of about 115-155 
cm2/V·s2 than that of TiO2, making it more favorable for electron transport via 
reducing recombination loss in DSSCs.19,22  Among the diverse morphologies 
of ZnO-based nanomaterials, 1D nanomaterials, have already been widely 
investigated for applications in DSSCs,63,72,122 by considering the advantage of 
an efficient electron collection via direct electrical pathways as compared to 
the ZnO nanoparticels. However, the relatively low surface area for dye 
adsorption is one of the main constraints for achieving high performance in 
DSSCs based on these 1D ZnO nanostructures. In order to further improve the 
photovoltaic performance of DSSCs, 2D nanosheets (NS) structures have 
already been widely investigated for applications in DSSCs by considering the 
advantage of a high specific surface area, high porosity, which would be 
beneficial for the effective electrolyte diffusion and release of Zn2+/dye 
complex, and an efficient electron diffusion coefficient.123 
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A number of processes have thus been developed for the synthesis of ZnO NS 
nanostructures, such as thermal oxidation of Zn/ZnS powder or by carbon-
thermal redox of ZnO powders.73,74 These vapor phase reactions are typically 
conducted at high-temperatures of over 1500 oC, and therefore require specific 
types of substrates. At the same time, the resultant ZnO NS structures exhibit a 
small specific surface area and less porosity due to the relatively flat surfaces 
at the atomic level. In contrast, wet chemical techniques, chemical bath 
deposition (CBD) or electrochemical deposition, appear to be attractive for 
preparation of porous ZnO NS structures via pyrolytic topotactic reaction, 
given the relatively simple procedure, low-cost, the high surface area, and 
controlled porosity that can be realized. This process typically involves two 
steps: (i) formation of 2D layered basic zinc salt (LBZS) precursor, and (ii) 
development of ZnO NS structure by further thermal treatment at an 
appropriate temperature without any morphology deformation. It is known that 
Zn2+ can form a number of basic hydroxides in the solution, including those 
tetrahedrally and octahedrally coordinated by OH- via corner-sharing and 
edge-sharing.124 For example, the ε -form is of tetrahedral coordination, 
which does not tend to form 2D morphology. The α-form is of octahedral 
coordination and is a partial double-layer lattice with ordered brucite-type 
main and disordered intermediated layers, which is not the ideal precursor for 
2D ZnO nanostructures. Fully ordered double-layer LBZS structure contains 
both tetrahedral and octahedral coordination, where Zn tetrahedra are 
connected to each side of these octahedral holes, which can form 2D 
precursors on the large scale. However, the diversity of hydroxide phases and 
the difficulty in synthesizing the wanted LBZS structure suggest the 
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importance of controlling the experimental conditions involved.124 In order to 
develop LBZS structures, one in principle can slow down the hydrolysis 
process by controlling the kinetic parameters involved, such as by slowing 
down the hydrolysis rate using organic solvent to replace water, and by 
diffusion rates of Zn2+ and OH- via adjusting the ratio of Zn2+ precursor and 
OH- in aqueous solution, or adding some viscous reagent, respectively.78,125,126 
However, the perfect ZnO NS is hard to obtain on a  large scale, while use of 
organic solvents is not friendly to environment. On the other hand, few studies 
have been made into ZnO NS formed in aqueous solution by successfully 
controlling the thermodynamic factors involving the stable octahedral 
Zn(H2O)6 coordination.  
 
In this chapter, a detailed demonstration is give of the use of surfactant 
Pluronic F127 (EO106PO70EO106) as templates for successful development of 
layered basic zinc acetate (LBZA) nanosheets. The novel method involves the 
interaction between the octahedral structure of Zn2+ in aqueous solution and 
surfactant F127, the subsequent hydrolysis upon adding EDA into the solution, 
and finally the formation of ZnO porous nanosheets upon thermal treatment. 
The interaction between Zn2+ and F127 is attributed to hydrogen bond, which 
helps explain the resultant nanostructure. Mesoporous ZnO nanosheets are 
then obtained by pyrolysis of the LBZA precursor without morphology 
deformation. The growth mechanism of the ZnO nanosheets is discussed in 
details. In a preliminary study for their applications in DSSCs a photoanode, 
the ZnO nanosheets are demonstrated with comparable energy conversion 
efficiency. 
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Triblock copolymer Pluronic F127 (designated EO106PO70EO106, BASF), 
block copolymer Pluronic L121 (designated EO5PO70EO5, BASF) were 
employed as the surfactants. Zinc acetate dihydrate (Zn(CH3COO)2·2H2O 
98+%, Alfar Aesar) was used as the cation source for zinc oxide. 
Ethylenediamine (EDA, MERCK) was employed as the precipitator, while 
deionized (DI) water (H2O) was used as the solvent. Cis-
bis(isothiocyanato)bis(2,2’-bipyridine-4,4’ dicarboxylato) Ru(II) bis-TBA 
(C58H86O8N8S2Ru, N719, Solaronix, Aubonne, Swiss) was employed as the 
absorber, which was dissolved in ethanol (CH3CH2OH, Merk, Whitehouse 
Station, NJ). 1-butyl-3-methylimidazolium iodide (C8H15IN2 >98.5%, Sigma-
Aldrich, St. Louis, MO), Iodine (I, Sigma-Aldrich, St. Louis, MO), Guanidine 
thiocyanate (CH5N3•CHNS, Sigma-Aldrich, St. Louis, MO), and 4-tert-
butylpyridine (C9H13N, Sigma-Aldrich, St. Louis, MO), were introduced into 
the electrolyte, while acetonitrile (CH3CN, Sigma-Aldrich, St. Louis, MO) and 
valeronitrile (CH3(CH2)3CN, Sigma-Aldrich, St. Louis, MO) was employed as 
the electrolyte solvent. Terpineol (C10H18O, Fluka, St. Louis, MO), and Ethyl 
Cellulose (30-50 MPA, Fluka, St. Louis, MO) were used as the binders of 
ZnO paste. All the chemicals were not further purified before use. 
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2.2.2 Synthesis of ZnO Nanosheets Structures 
 
The typical procedure of preparing ZnO nanosheet structures is described as 
follows: 20 ml of 0.125 M Zn(CH3COO)2·2H2O solution was first prepared 
and stirred at room temperature for 10 min to obtain a clear solution. Various 
amounts of surfactant triblock copolymer Pluronic F127 were then added into 
the zinc acetate solution, stirred at room temperature for about 1 h to dissolve 
the surfactant F127 and obtain a clear solution. Various amounts of EDA 
solution were then added into the above clear zinc acetate solution with 
surfactant F127. The solution becomes turbid immediately after adding EDA 
solution. The turbid solution was kept at room temperature for 2 h with stirring, 
and then aged at room temperature for 12 h. The resultant white precipitates 
were centrifuged with 8000 rpm for 6 min and washed three times using water 
and ethanol to remove the residual ions and surfactant F127. After washing, 
the precipitates were put into an oven for thermal treatment at 300 oC for 1 h at 
a heating rate 1 oC/min. The ZnO nanosheet structures thus obtained were 
ready for further characterization. 
 
2.2.3 Preparation of ZnO DSSCs Devices 
 
To fabricate DSSCs, the ZnO powder of sheet-like nanostructure was 
dispersed in organic binders with weight ratio 11%.127 The ZnO films were 
then coated on FTO glasses by doctor blading the ZnO paste with two Scotch 
tapes adhered to the edges of the glass substrate. The as-deposited films were 
kept at the room temperature for 5 minutes, and then dried at 125 °C for 5 
minutes. The coating, aging and drying processes were repeated to increase 
the thickness. The ZnO films were then cured at 325 oC for 10 minutes, 375 oC 
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for 10 minutes, and 400 oC for 20 minutes at a heating rate of 25 oC/minute. 
The ZnO electrode was sensitized by soaking it in 0.5 mM N719 in anhydrous 
ethanol solution when it was still warm (~ 80 oC) and kept at room 
temperature for various time periods. The dye-sensitized electrodes were then 
rinsed thoroughly with ethanol to remove the excess dye and were air-dried. 
Pt-coated FTO glasses (Dyesol) were employed as counter electrodes and 
were sintered at 400 ºC for 20 minutes in air before usage. The stained ZnO 
electrode and Pt counter electrode were assembled into a sandwich-type 
structure and sealed by a hot-melting foil (Solaronix SX1170-25). A drop of 
electrolyte was placed on the hole in the counter electrode and was sucked into 
the cell via vacuum filling. Finally the hole was sealed using SX1170-25 and a 
cover glass. The electrolyte consisted of 0.6 M 1-butyl-3-methylimidazolium 
iodide, 0.03 M iodine, 0.1 M guanidine thiocyanate, and 0.5 M 4-tert-




X-ray powder diffraction (XRD, Bruker AXS D8 Advance, Germany) was 
carried out for phase identification of crystalline phases, by using Cu Kα 
radiation (1.5406Å), operated at 40kV and 40mA with a step size of 0.02o. 
The diffraction followed the θ/2θ Bragg-Brentano geometry, and the 2θ range 
was varied from 5o to 70o and 20o to 80o. Field emission scanning electron 
microscopy (SEM-FEG XL 30, Philips Electron Optics, Eindhoven, 
Netherlands) was performed to characterize the surface morphology and 
particle size. Both transmission electron microscopy (TEM) and high 
resolution transmission electron microscopy (HRTEM) (200kV, JEOL JEM 
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2010F, Tokyo, Japan), operated at an acceleration voltage of 200 kV, were 
employed to investigate the texture and structure of the LBZA precipitates and 
the ZnO NS structures. The specific surface area of the ZnO NS structures was 
measured using a nitrogen adsorption-desorption apparatus (ASAP 2020, 
Micromeritics, Norcross, GA). Photovoltaic performance of the DSSCs thus 
assembled was measured on an active area of 0.35 cm2 by using a Keithley 
2420 sourcemeter under AM1.5 100 mW/cm2 illumination. The irradiance 
source was a 150 W NREL traceable Oriel Class AAA solar simulator (Model 
92250A-1000). Incident photon-to-current conversion efficiency (IPCE) was 
measured by a DC method. The light source was a 300 W Xenon Lamp (Oriel 
6258) coupled with a flux controller to improve the irradiance stability. The 
light beam passed through a monochromator (Cornerstone 260 Oriel 74125) to 
select a single wavelength with a resolution of 10 nm. Light intensity was 
measured by a NREL traceable Si detector (Oriel 71030NS, Newport, Irvine, 
CA), while the short circuit currents of the DSSCs were measured by an 
optical power meter (Oriel 70310). To quantify the amount of the dye 
adsorbed on the ZnO films, stained ZnO electrodes were sucked in a 1 mM 
NaOH solution for one hour. The optical density of desorption solutions was 
measured using a UV-VIS-NIR spectrophotometer (Cary 5000, Varian, Santa 
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2.3 Results and Discussion 
 
2.3.1 Preparation of LBZA Precursor and ZnO NS Structures  
 
Scanning electron microscopy (SEM) images of the LBZA precursor and the 
as-calcined ZnO powder are shown in Figure 2.1a, and 2.1b, respectively, 
where the insets show the magnified images. The X-ray diffraction (XRD) 
patterns of the LBZA precursor and as-calcined ZnO powder are shown in 
Figure 2.1c, and 2.1d, respectively. Figure 2.1a shows that the LBZA 
precursor consists of inter-connected nanosheets, which are thin, about 20 nm 
in thickness, and several µm in width. Figure 2.1c shows that all the 
diffraction peaks agree with that of LBZA,33 and no other secondary phase 
could be observed.  
 
Figure 2.1 a) FE-SEM image showing the sheet-like structure of LBZA; b) 
FE-SEM image showing the ZnO nanosheets; c) XRD pattern of LBZA 
precursor; d) XRD pattern of ZnO nanosheets. 
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In the LBZA nanosheets structure, [ZnO6] octahedral and [ZnO4] tetrahedral 
building blocks are connected with each other to form a close stacking layer, 
while water occupies the fourth apex of the tetrahedron and the acetate anion 
intercalates between the layers. The three diffraction peaks in the low angle 
range are indexed as (001), (002), and (003), respectively. Those peaks at 33o 
and 59o are indexed as (100) and (110), respectively. They are relatively weak 
due to the low crystallinity of zinc hydroxide.128 Figure 2.1b shows the SEM 
image of the ZnO NS structure, which indicates that the thermal treatment has 
little influence on the overall morphology of the final product, implying that 
the ZnO nanosheet structures were retained by calcining the LBZA precursor 
at 300 oC for 1 h, synthesized in the aqueous solution, using 
Zn(CH3COO)2·2H2O, Ethylenediamine (EDA) and F127 as surfactant. In 
principle, each LBZA nanosheet functions as a self-template for forming the 
resultant ZnO NS during subsequent heat treatment. The thickness of ZnO NS 
is about 20 nm, as observed from the edge side, and several µm in width. The 
XRD pattern of the ZnO NS structure, as shown in the Figure 2.1d, consists of 
major peaks corresponding to ZnO that crystallizes in the hexagonal wurtzite 
structure (JCPDS Card No. 36-145). The observed peak broadness here also 
suggests that these ZnO nanosheets consist of aggregated small particles. The 
FWHM of the (100), and (002) peaks were further fitted to a Gaussian 
distribution, where the calculation of using the Scherrer equation yielded an 
average crystallite size in the range of 11 to 13 nm. The growth in (002) 
direction was substantiated, leading to the development of 2D ZnO NS.  
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Figure 2.2 a) TEM image of LBZA nanosheets with the electron diffraction 
pattern as shown in the inset; b) TEM image of the as-calcinated ZnO 
nanosheets with the electron diffraction pattern as shown in the inset; c) 
HRTEM image of LBZA nanosheets; d) HRTEM image of the as-calcinated 
ZnO nanosheet. 
 
Further studies of the LBZA precursor and ZnO NS were conducted by 
transmission electron microscopy (TEM), as shown in Figure 2.2. 
Nanocrystallites are observed in the LBZA NS, while the select electron 
diffraction pattern (SAED) (inset of Figure 2.2a) is a ring with weak intensity 
attributed to (100) plane, indicating that the thickness direction of the NS 
coincides with the c-axis of the crystal, although it may not be single-
crystalline. Figure 2.1c is a high resolution TEM (HRTEM) image of the 
LBZA precursor, which reveals clear lattice fringes. The inter-planar distance 
between adjacent lattice planes is measured to be ~0.27 nm, corresponding to 
the d-spacing value of (100) planes. It can thus be deduced that the main 
surface of the LBZA NS is made up of the (002) crystal plane. There are some 
pores existing between the nanoparticles of <5 nm in sizes. TEM image of the 
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as-calcinated ZnO NS is shown in Figure 2.2b and the inset of Figure 2.2b is 
the selected area electron pattern (SAED). The irregular pores of about 10 nm 
are distributed random in the ZnO NS. The SAED pattern (inset of Figure 2.2b) 
shows clear white rings, confirming that these mesoporous ZnO NS are well 
crystallized after the calcination. The SAED pattern of ZnO NS exhibit two 
rings, indexed to (100) and (110) plane, respectively, confirming that they are 
not single crystalline. Studied using HRTEM, as shown in Figure 2.2d, a 
fringe spacing of 0.28 nm is observed, corresponding to the d-spacing of the 
(100) plane of wurtzite ZnO, while there is little appearance of dislocations 
and stacking faults. It can thus be deduced that the surface of the ZnO NS is 
dominated by the (002) crystal plane. From the results of TEM studies, it can 
be seen that the orientation of ZnO NS is in good agreement with that of 
LBZS precursor after pyrolysis, which demonstrates the morphology evolution 
of ZnO NS from LBZS NS precursor without morphology deformation. The 
nanopores existing in the ZnO NS are from the decomposition of LBZS, such 
as H2O, and CO2, which can apparently increase the specific surface area of 
ZnO NS. 
 
LBZA nanostructure was successfully synthesized in the aqueous solution in 
the presence of surfactant F127, on the basis of the experimental results of 
SEM, XRD, and TEM presented above. At the same time, the mesoporous 
ZnO NS were developed when LBZA precursor is pyrolysed. In aqueous 
solution, the reaction rate between Zn(H2O)62+ and OH- is dependent on the 
concentrations of these ions as well as on their respective diffusion rate in the 
solution. Zn2+ and OH- are known to react favorably to form zinc hydroxide 
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nanostrands or nanofiber quasi-precursor, when the water molecular 
coordinated to Zn2+ was fully replaced by OH- group to form Zn(OH)4 
tetrahedral unit cell which can occur in a wide range of pH value with the ratio 
of OH- and Zn2+ ≥ 1. However, the hexagonal ZnO precursor was directly 
formed at higher pH value, due to the high chemical potential of OH- group. 
The 2D LBZS precursor would be formed when the water molecule 
coordinated to hydrated Zn2+ is partially replaced at an appropriate pH value 
with the ratio of OH- and Zn2+ less than 1, where Zn2+ is coordinated by water 
molecule and OH- group and the octahedral Zn(H2O)6-n(OH-)n unit cell is 
stable.129,130 This suggests the diverse morphologies can be controlled largely 
by the kinetic parameters involved. In the present work, the resultant precursor 
consists of LZBA nanosheets, which was successfully prepared with the zinc 
acetate/EDA ratio ≥ 1, in the presence of surfactant F127 with 2.5 wt%. The 
observed result is thus different from what is expected from the consideration 
of kinetic parameters. Indeed, one has to consider the important role played by 
F127 in leading to the formation of 2D ZnO NS structures.  
 
2.3.2 Function of the Surfactant F127 
 
ZnO nanostructures, prepared in the absence of surfactant F127 under the 
same experimental conditions, were studied in order to verify the importance 
of F127. The resultant surface morphologies of the precursor and as-calcinated 
ZnO powder are shown in Figure 2.3a, and b, respectively. Zn(OH)2 structure 
is further revealed by characterization using TEM. For the precursor, a low 
magnification TEM image is shown in Figure 2.3c, and the SAED pattern is 
shown by the inset in Figure 2.3c. Figure 2.3d shows a HRTEM image for the 
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same precursor. The precursor prepared in the absence of surfactant F127 
shows a nanobelts-like structure, which is in good agreement with the results 
of previous studies, synthesized in the aqueous solution under the almost the 
same base condition without any surfactant addictives.129,131 These nanobelts 
are typically 200-400 nm in width and several µm in length. ZnO 
nanoparticles of several tens of nanometers in sizes are obtained by calcination 
of the zinc hydroxide precursor at 300 oC for one hour, as shown in Figure 
2.3b. These nanoparticles are aggregated together forming particles of sub-
micrometers. The nanobelt consists of nanoparticles of about 5 nm in sizes, as 
shown in Figure 2.3c. From the SAED pattern (inset in Figure 2.3c), it can be 
indexed to the ε-form Zn(OH)2 structure, which agrees with the XRD result. 
The clear lattice fringes, observed in the HRTEM image of zinc hydroxide as 
shown in Figure 2.3d, confirm that the nanobelts are well crystallized. 
 
Figure 2.3 a) FE-SEM image of Zn(OH)2 prepared in the absence of F127; b) 
FE-SEM image of the as-calcinated ZnO powder; c) TEM image of the 
Zn(OH)2 precursor where the electron diffraction pattern is shown as the inset; 
d) HRTEM image of Zn(OH)2. 
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From the above structural analyses, it can be seen that surfactant F127 plays 
an important role in the structural development of LBZA precursor in the 
aqueous solution. F127 is a triblock surfactant and its structure is designed as 
EO106PO70EO106, with relatively long hydrophilic chains, which tend to form 
micelles and hydrogen bond in the aqueous solution. Using F127 micelles as 
templates in the aqueous solution, mesoporous structures of several metal 
oxides have been reported. Given the observed morphology evolution from 
nanobelt to nanosheet in the presence of F127, the surfactant micelles as 
templates appear to play a less important role. There are two likely functions 
played by F127 as surfactant in the system. Firstly it can thermodynamically 
stabilize the Zn(H2O)62+ unit cell by the hydrogen bond interaction between 
F127 hydrophilic chains and water molecule, which can avoid the replacement 
of the water molecule coordinated to Zn2+ by OH- group. Secondly, F127 as a 
surfactant can kinetically decrease the reaction rate of Zn2+ and OH- by 
increasing the solution viscosity.  
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2.3.3 Effect of Length of PEO Block 
 
Figure 2.4 SEM images of zinc hydroxide precursors derived from the 
solution of using various amount of L121 as template: a) 0 wt%; b) 0.05 wt%; 
c) 0.5 wt%, d) 2.5 wt%, e) 5 wt%, and f) 10 wt%. 
 
In order to confirm the function of hydrogen bonding between the PEO chains 
of surfactant F127 and zinc precursor in the aqueous solution, L121 was 
chosen for comparison purposes, by considering its similar structure to F127, 
designed as EO5PO70EO5, with the same length of hydrophobic chains, but 
different length of hydrophilic chains. The surfactant L121 was experimented, 
instead of F127, under the same experimental condition, in order to exclude 
the viscosity factor. The SEM images of the precursors derived by using 
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various amounts of surfactant L121 were shown in Figure 2.4. Similar belt-
like structures of several hundred nm in width and several tens nm in thickness 
could be observed for all the samples derived from different amounts of L121 
from 0 wt% to 10 wt%. It indicates that surfactant L121 with shorter PEO 
chain cannot give rise to form the 2D LBZA precursor on a large scale, which 
is due to the weaker hydrogen bonding as compared to F127 under the same 
viscosity. The hydrogen bond thus plays an importance role in the formation 
of LBZS precursor structure. The SEM images of the ZnO powder after 
thermal treatment with the different amounts of surfactant L121 were shown 
in Figure 2.5. Nanoparticles can be observed in all the samples, which is in 
good agreement with the previous results shown in Figure 2.3b) in the absent 
of surfactant F127. The belt-like structure of precursors form and ZnO sheet-
like structure cannot be obtained via using surfactant L121 instead of F127, 
which indicates that the pure LBZA phase cannot be formed in the precursors 
due to the weak hydrogen bonding interaction between surfactant L121 and 
zinc precursors.  
 
 




Figure 2.5 SEM images of ZnO powder after calcining with different amounts 
of surfactant L121 as template: a) 0 wt%; b) 0.05 wt%; c) 0.5 wt%, d) 2.5 wt%, 
e) 5 wt%, and f) 10 wt%. 
 
XRD patterns of the precursors prepared using different amounts of surfactant 
L121 is shown in Figure 2.6, where one can see the relationship between the 
morphology and the phase of precursor. ε-Zn(OH)2 phase can always be 
observed in all the samples in addition to the phase of the LBZA. It is known 
that the ε form of Zn(OH)2 phase is tetrahedral structure and tends to form the 
belt-like structure, which is the similar to the result of the precursor in the 
absence of surfactant. It demonstrates the morphology is determined by the 
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precursor phase and emphasizes that it is very important to prepare the pure 
LBZS precursor in order to obtain the ZnO NS structures.  
 
Figure 2.6 The XRD patterns of the as-prepared precursors with different 
amounts of surfactant L121. 
 
2.3.4 Effect of Surfactant F127 Concentration 
 
SEM images of the precursors prepared with different amounts of surfactant 
F127 were shown in Figure 2.7. Belt-like structures can be observed in Figure 
2.7 a) and b), with the low concentration of surfactant F127, about 0 wt% and 
0.05 wt%, respectively. These belt-like nanostructures are typically 100 to 400 
nm in width and up to several to tens µm in length. It suggests that the F127 
cannot efficiently derive the formation of 2D precursors with low 
concentration of F127 due to the weak effect of hydrogen bond between F127 
and Zn(H2O)62+ in the aqueous solution. However, the sheet-like morphology 
can be observed in Figure 2.7 c)-f), with increasing amount of F127 from 0.5 
wt% to 10 wt%, which indicates that the sheet-like precursors can be prepared 
with strong hydrogen bonding between F127 and Zn(H2O)62+ at high 
concentrations of surfactant F127. These sheet-like nanostructures are thin 
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from the edge view, about 20 nm in thickness, and several to tens µm in width. 
From the SEM images of these precursors prepared using different 
concentrations of surfactant F127, it demonstrates that the density of hydrogen 
bond plays an important role in the formation of nanosheets morphology in 
addition to the strength of hydrogen bond. Nanoparticles can be observed with 
the concentration of F127 10 wt%, where the individual nanosheets structures 
tend to aggregate together due to the micelle formation for surfactant F127 at 
high concentration.  
 
Figure 2.7 The SEM images of the as-prepared precursors with different 
amounts of surfactant F127: a) 0 wt%; b) 0.05 wt%; c) 0.5 wt%; d) 2.5 wt%; e) 
5 wt%; and f) 10 wt%. 
 
SEM images of as-prepared ZnO powders after calcining were shown in 
Figure 2.8 a) F127 0 wt%; b) F127 0.05 wt%; c) F127 0.5 wt%; d) F127 2.5 
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wt%; e) F127 5wt%; and f) F127 10 wt%, respectively. It can be seen that the 
ZnO NS structure is maintained after calcining without any deformation from 
the nanosheet precursors as prepared with concentration of F127 from 0.5 wt% 
to 10 wt%. However, nanoparticles of about 20-50nm in diameter were 
obtained in the absence of surfactant F127. Porous nanobelts were observed 
upon calcination of the precursor derived from F127 concentration of 0.05 
wt%. Although the morphologies of the precursor in Figure 2.7 a) and b) are 
similar, the morphologies after thermal treatment are rather different. This 
indicates an interaction that happens between surfactant F127 and zinc 
precursor in the aqueous solution.  
 
 




Figure 2.8 SEM images of the ZnO powder upon calcination of the precursors 
derived from different amounts of surfactant F127 a) 0 wt%; b) 0.05 wt%; c) 
0.5 wt%; d)2.5 wt%; e) 5 wt%; and f)10 wt%. 
 
In order to further study the function of surfactant F127 and the relationship 
between precursor phase and morphology, the XRD patterns of the as-
prepared precursors were shown in Figure 2.9. The precursor prepared in the 
absence of surfactant F127 can be mainly indexed to ε-Zn(OH)2. Both ε-
Zn(OH)2 and LBZA phases can be observed in the precursor prepared with 
low concentration of F127 about 0.05 wt%, however, the LBZA is the 
dominant phase, and the amount of ε-Zn(OH)2 phase is decreased. For the 
precursors derived from F127 concentrations of 0.5 wt% to 10 wt%, the 
CHAPTER 2 SYNTHESIS OF ZnO NS 
56 
 
diffraction peaks can be indexed to LBZA phase, where Zn(OH)2 phase has 
disappeared. It is known that ε-Zn(OH)2 is of tetrahedral structure and tends to 
give rise to a belt-like structure. LBZA is a type of perfectly ordered 2D 
structures and leads to the formation of sheet-like structures. Therefore, the 
precursors with F127 concentrations of 0 wt% and 0.05 wt% show the ε form 
of Zn(OH)2, and lead to the belt-like structure, which is in good agreement 
with the SEM results shown in Figure 2.7 a) and 3 b). The precursors with 
F127 concentrations of between 0.5 wt% and 10 wt% exhibit the pure LBZA 
phase and tend to form 2D sheet-like morphology, which is also in good 
agreement with the SEM results shown in Figure 2.7 c)-f). It demonstrates the 
morphologies are determined by the precursor phase. In the previous studies, it 
has been demonstrated that the ZnO sheet structure would be obtained from 
the LBZA structure after thermal treatment without any deformation. That is 
why the ZnO NS and porous nanobelt structures are observed in Figure 2.8 c)-
f), and Figure 2.8 b), respectively. Nanoparticles are observed in the sample 
without surfactant F127, because of the formation of ε-Zn(OH)2.  
 
Figure 2.9 The XRD patterns of the precursors with different amounts of 
surfactant F127. 
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2.3.5 ZnO Nanosheets Growth Mechanism 
 
ZnO nanosheets were prepared in aqueous solutions containing zinc salt and 
ethylenediamine without thermal annealing in the absence of surfactant.31 In 
the present work, we employ F127 as a structure directing agent for the 
formation of ZnO nanosheets. Based on the experimental observation 
discussed above, a formation mechanism is proposed for the growth of ZnO 
nanosheet structure when surfactant F127 is used as the template in base 
aqueous solution, as shown in Figure 2.10. 
 
Figure 2.10 Formation mechanism proposed for LBZA precursor in aqueous 
solution. 
 
In the aqueous solution, dissolution of zinc acetate dehydrate is accompanied 
with salvation of zinc and acetate ions by water, where zinc ion has a salvation 
number of six and form an octahedral inner coordination sphere, [Zn(H2O)6]2+ 
in the neutral solution.125 Hydrated water molecules then form hydrogen 
bonding with surfactant F127, which can fix this [Zn(H2O)6]2+ structure. 
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According to the previous literatuere,31 Zinc-ethylenediamine complex would 
be formed in the solution without surfactant. Zn2+ would then be released at 
elevated temperature and reacted with OH- generated from the hydrolysis of 
ethylenediamine. It is known that under the base reaction condition, the water 
molecules coordinated with Zn2+ is replaced by the OH- , and the reaction 
between Zn2+ and OH- is steady giving rise to zinc hydroxide,31 where the 
reaction rate is controlled by the concentrations and diffusions of Zn2+ and 
OH-.131 When the coordinated water molecules are completely replaced by 
OH-, the high energy level in association with the octahedral structure will 
favor for the tetrahedral structure, Zn2+(OH)-4 of low energy state. One 
dimensional nanostructure will thus be favored with the tetrahedral building 
blocks. However, in the presence of F127, the replacement of OH- is 
restrained due to the hydrogen bond that is formed between coordinated water 
molecule and the hydrophilic chains of F127. Under such condition, only part 
of the water molecules coordinated with  Zn2+ would be replaced with a OH- 
group (eqn (2-1)), where the octahedral unit cell is still stable. A 
polymerization reaction between mononuclear complexes then occurs, as at 
least one hydroxyl group is bounded to the metal ion, therefore, the hydroxide 
ion bridges to another Zn2+ through the olation reaction (eqn (2-2)).32, 132 
[Zn(H2O)6]2++nOH-= [Zn(OH)n(H2O)6-n]m + H2O                                        (2-1) 
2[Zn(OH)(H2O)5]+=[(H2O)4Zn(OH)2Zn (H2O)4]2+ + 2 H2O                         (2-2) 
With the proceeding of polymerization between the mononuclear complexes 
via edge-sharing, two dimensional nanosheets would be developed. The 
resultant structure can be described as the three fifths of zinc ions being 
surrounded octahedrally by six OH groups. Two fifths of them are located 
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above and below the empty octahedra, and the tetrahedra consist of three OH- 
groups and one water molecule. The ZnO nanosheets with the same 
orientation of LBZS precursor are preserved upon hydrolysis at 300 oC for 1 h. 
 
2.3.6 Photovoltaic Property of DSSCs Based on ZnO NS 
 
 
Figure 2.11 N2 adsorption-desorption isotherm and BJH pore size distribution 
of ZnO nanosheets. 
 
The mesoporous structure of the ZnO nanosheets are further investigated by 
nitrogen sorption measurements. Figure 2.11 shows the BET nitrogen sorption 
isotherms for the ZnO nanosheets obtained after calcination at 300 oC for 1h 
with 0.5 wt% of F127. The adsorption-desorption isotherms are of type IV 
(BDDT classification) with a hysteresis loop at high relative pressures, 
characteristic of mesoporous features.133 The mesoporous ZnO nanosheets 
exhibits a specific surface area of ~34 cm2/g. Such mesoporous structure is 
further confirmed by the corresponding BJH pore size distributions (as the 
inset of Figure 2.11). According to the BJH pore size distribution curve 
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calculated from the adsorption isotherm, the ZnO nanosheets exhibit 
mesopores of sizes centered at ~6 nm, although relatively large 10-20 nm 
pores also exist, as revealed by TEM and SEM studies. 
 
 
Figure 2.12 SEM images of the photoanode of ZnO nanosheets in DSSC: a) 
top view; b) cross sectional view, and c) I-V curves, under AM 1.5 
illumination.  
 
The ZnO nanosheets powder is employed as the photoanode in DSSC. Figure 
2.12 a, b, and c shows the images of top view, cross section and I-V curves 
under AM 1.5 100 cm2/cm illumination, respectively. From the image of top 
view, it can be seen that a rough surface can be observed, due to the ZnO 
nanosheets structure. From the cross section of ZnO NS device, a good 
connection between nanosheets can be observed. Under the standard AM1.5 
100mW/cm2 irradiance, ZnO nanosheets gave rise to an efficiency of 3.2 % 
with short-circuit photocurrent density (Jsc) 7.89 mA/cm2, open-circuit 
photovoltage (Voc) 0.64V and fill factor (FF) 63.15%, which are comparable 
to some of the previous performance parameters reported for ZnO.134 The 
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photovoltaic performance of DSSCs based on strong ZnO nanosheets 
structures with larger amounts of F127 are summarized in Table 2.1. 
 
Table 2.1 Photovoltaic parameters of the DSSCs devices based on ZnO NS  
 
 
The open circuit voltage (Voc) is about 0.6 V and there is hardly variation for 
all DSSCs devices, which indicates that the electronic behavior, such as the 
conduction band energy level and distribution of the trap states, are not 
significantly affected by the different ZnO morphologies. The fill factor (FF) 
of DSSCs based on ZnO NS structures is higher than that of other ZnO 
nanostructures. The DSSCs based on ZnO NS structure with 5 wt% and 10 
wt% F127 show low Jsc (4.38 mA/cm2, 2.14 mA/cm2, respectively) and low 
efficiency (1.71%, 0.87%, respectively). As discussed above, ZnO 
photoanodes are expected to have similar electronic behavior, while the same 
dye and electrolyte were employed. Therefore, it is reasonable to assume that 
the internal quantum efficiency is similar for these ZnO photoanodes. As a 
result, the difference in photovoltaic performance should come from the 
difference in light harvesting efficiency, which is proportional to the adsorbed 
dyes. The amount of adsorbed dye was thus measured by the desorption 
experiment and is summarized in Table 2.1. It can be seen that the DSSCs 
based on the ZnO NS prepared with 5 wt% and 10 wt% F127 have similar 
surface areas. The overall low amount of dye loading may well be due to the 
available surface areas.  
 
CHAPTER 2 SYNTHESIS OF ZnO NS 
62 
 
In order to probe the surface morphology of the ZnO photoanode with 12 μm 
in thickness, and verify the relationship between the photovoltaic performance 
and ZnO film structure, SEM images of the DSSCs devices based on ZnO NP 
and NS structure with various amounts of F127 are shown in Figure 2.13, 
where a) 2.5 wt%; b) 5 wt%, c) 10 wt% F127, respectively. Rough and porous 
films with macro-pores can be observed, where the pore spacing increases 
with increasing size of ZnO NS structure. The low dye loading and low Jsc 
measured for the devices made of ZnO NS structure with 2.5 to 10 wt% F127 
are apparently related to the porous structure. 
 
Figure 2.13 SEM images of the ZnO photoanode: a) ZnO NS 2.5wt% F127; b) 




A facile, green, and cost-effective pathway to synthesize uniform and porous 
ZnO 2D structures is established. Layered basic zinc acetate (LBZA) is 
successfully synthesized by employing surfactant Pluronic F127 
(EO106PO70EO106) as templates in aqueous solution. The formation process of 
LBZA in solution is monitored by the morphology evolution at different 
synthesis stages. With Pluronic F127 as the template in the aqueous solution, 
the hydrogen bond interaction with Zn(H2O)62+ is demonstrated to play an 
important role for the development of LBZA structure. Compared to the 
kinetic control in previous studies for the formation of ZnO 2D structure, the 
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growth of ZnO 2D structure by thermodynamic control in the presence of 
surfactants in aqueous solution enables the formation of uniformly porous 
structures on a large scale. Mesoporous ZnO nanosheets are preserved when 
the LBZA precursor is subjected to a thermal treatment at 300 oC for 1 h. ZnO 
nanosheets thus derived are demonstrated with the comparable energy 
conversion efficiency, when used as the photoanode in dye sensitized solar 
cells. 
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CHAPTER 3 DYE ADSORPTION AND PHOTOVOLTAIC 




In principle, ZnO NS with large surface area and high electron mobility would 
be a promising photoanode in DSSCs. However, the energy conversion 
efficiency reported for DSSCs based on ZnO NS films, as discussed in 
Chapter 2, so far is not comparable with those of DSSCs based on TiO2 
particle films. One possible reason for the low energy conversion efficiency of 
DSSCs is the instability of ZnO in acidic dye solution.117 It has been reported 
that the dye solution can lead to dissolution of ZnO by the protons released 
from the acid functional groups of dye molecules. The dissolved Zn2+ ions 
tend to attach to carboxyl groups of the dye molecules forming dye/Zn2+ 
complex on the surface of ZnO film, leading to inactive electron injection 
from the excited dye molecules into the conduction band of ZnO. Chou et 
al.117 have studied the dissolution of ZnO films in the N3 dye solution with 
time, and concluded the formation of the dye/Zn2+ complexes was an issue for 
the overall light conversion efficiency. It has also been reported that the 
agglomeration of dye/Zn2+ complexes is evenly yielded to form micrometer-
sized crystals when immersing in the dye solution for a long period of time, 
which greatly reduces the overall energy conversion efficiency.135 Thus, 
controlling the formation of dye/Zn2+ complexes is an urgent issue to address, 
in order to improve photovoltaic performance of DSSCs based on ZnO films.  
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In this regard, shortening the dye adsorption time is considered to minimize 
the formation of dye/Zn2+ complexes. Cao and co-workers89 suggested that the 
immersion time in 0.5 mM ethanol solution of N3 dye should be controlled 
within 20 min to avoid the dissolution of atoms on the ZnO surface. 
Westermark et al.116 have also verified that a shortened sensitization time is 
favorable in avoiding the formation of dye/Zn2+ complexes. A shortened 
immersing time could reduce the dye-to-Zn2+ reaction, but it is not favorable 
for dye-to-ZnO adsorption. In addition to the formation of dye/Zn2+ complexes 
on the ZnO surface, a relatively low density of dye loading on the ZnO surface 
is another likely reason for the low energy conversion efficiency of DSSCs. In 
comparison, the amount of adsorbed dyes (e.g. N3, N719, or “black” dye) on 
ZnO structures is smaller than that on TiO2 structures, resulting in the 
insufficient light-harvesting and lower energy conversion efficiency.98-100 
Therefore, the characterization of the dye adsorption on the ZnO surface is 
very important for a deep understanding of the balance and kinetics of dye-to-
ZnO adsorption and dye-to-Zn2+ reaction and, then, optimization of the 
performance of DSSCs.  
 
In this chapter, the porous ZnO NS prepared with 2.5 wt% F127, are used as 
the photoanode in DSSCs. The adsorption kinetics and density of adsorbed 
dyes on the surface of ZnO NS, are investigated by studying ZnO NS films 
with different thicknesses, immersed in 0.5 mM dye N719 solution for various 
time periods. The effect of dye adsorption on photovoltaic performance is 
studied on the basis of these ZnO NS DSSCs. The present work is aimed at 
new understanding on the adsorption process and mechanism of N719 
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molecules onto ZnO NS, which should be of great importance for enhancing 
the performance of DSSCs. 
 




Cis-bis(isothiocyanato)bis(2,2’-bipyridine-4,4’ dicarboxylato) Ru(II) bis-TBA 
(C58H86O8N8S2Ru, N719, Solaronix, Aubonne, Swiss) was employed as the 
absorber, which is dissolved in ethanol (CH3CH2OH, Merk, Whitehouse 
Station, NJ). 1-butyl-3-methylimidazolium iodide (C8H15IN2 >98.5%, Sigma-
Aldrich, St. Louis, MO), Iodine (I, Sigma-Aldrich, St. Louis, MO), Guanidine 
thiocyanate (CH5N3•CHNS, Sigma-Aldrich, St. Louis, MO), and 4-tert-
butylpyridine (C9H13N, Sigma-Aldrich, St. Louis, MO), were introduced into 
the electrolyte, while acetonitrile (CH3CN, Sigma-Aldrich, St. Louis, MO) and 
valeronitrile (CH3(CH2)3CN, Sigma-Aldrich, St. Louis, MO) was employed as 
the electrolyte solvent. Terpineol (C10H18O, Fluka, St. Louis, MO), and Ethyl 
Cellulose (30-50 MPA, Fluka, St. Louis, MO) were used as the binders of 
ZnO paster. All the chemicals were not further purified before use. 
 
3.2.2 Preparation of ZnO NS Structures 
 
ZnO NSs were synthesized by following the procedure as described in 2.2.2 of 
Chapter 2. 
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3.2.3 Preparation of ZnO DSSCs 
 





Field emission scanning electron microscopy (SEM-FEG XL 30, Philips 
Electron Optics, Eindhoven, the Netherlands) was performed to 
characterize the surface morphology, while the thickness of ZnO film is 
measured using a  surface profiler (Alpha-Step IQ, KLA-Tencor, Milpitas, 
CA). Characterization of photovoltaic performance has been described in 
section 2.2.4 of Chapter 2. To measure the amount of dyes adsorbed on the 
ZnO films, stained ZnO electrodes were sucked in a 1 mM NaOH solution 
for one hour. The optical denisty of desorption solutions was measured 
using a UV-VIS-NIR spectrophotometer (Cary 5000, Varian, Santa Clara, 
CA). The chemisorption model of N719 on ZnO surface was studied using 
Fourier transform infrared spectroscopy (FT-IR, Varian 3100 Excalibur, 
Palo Alto, CA). 
 
3.3 Results and Discussion 
 
3.3.1 Effect of Dye Adsorption on Photovoltaic Performance 
 
The amount of dyes adsorbed on the photoanode is of importance in 
controlling and optimizing the photovoltaic performance parameters of DSSCs. 
In particular, the cell short-circuit current density (Jsc) is directly proportional 
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to the light harvesting of the photoanode films, which is dependent on the 
concentration of dye loading on the photoanode film. Several research groups 
have reported the relationship between the amount of adsorbed dyes and the 
photovoltaic performance of DSSCs, and indicated that the effective amount 
of adsorbed dyes is related to the proper thickness of the photoanode.136 In 
addition to the photoanode thickness, the effective amount of adsorbed dye on 
the surface of ZnO is also determined by the adsorption time because of its 
dissolution in the acidic dye solution. Several research groups have 
emphasized the importance of optimal time for dye adsorption and the optimal 
thickness of ZnO film, respectively. However, little progress has been made 
on the relationship between the dye adsorption duration and the thickness of 
ZnO films, as well as the effect of dye loading on the photovoltaic 
performance. In this chapter, ZnO NS films of 4 μm and 13 μm in thickness 
were used as the photoanodes, and they were immersed in 0.5 mM dye N719 
solution for various time periods.SEM images, I-V curves, and IPCE results of 
the DSSCs based on ZnO films of 4 μm in thickness are shown in Figure 3.1 
a), c), and e), respectively, while those for the DSSCs based on ZnO films of 
13 μm in thickness are shown in Figure 3.1 b), d), and f), respectively. Their 
photovoltaic parameters and the amount of dyes adsorbed on the surface of 
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Table 3.1 Photovoltaic parameters and the amount of dyes adsorbed on ZnO 
films of 4 μm and 13 μm in thickness vs the dye adsorption time 
 
 
Crack-free films consisting of ZnO NS were observed, as shown in Figure 
3.1a, and 3.1b, which suggested that these ZnO films with different 
thicknesses were well qualified for use as photoanode in DSSCs. The 
nanostructure of these ZnO NSs is shown in the insert of Figure 3.1a, showing 
that the ZnO NS is porous with pore size of ~10 nm in diameter. The thickness 
of ZnO NS is about 20 nm, as observed from the edge side, which is in good 
agreement with the images of ZnO NS shown in Figure 2.8d. Besides the 
morphology, it is observed that the cell open-circuit voltage (Voc) tends to 
drop slightly with increasing duration of dye adsorption, which means that the 
ZnO electronic behavior will thus be affected by the acidic dye solution. This 
phenomenon is caused by the dissolution of ZnO by the protons released from 
the acid functional groups of dye N719 molecules, which leads to the 
multilayer dye adsorption on the surface of ZnO. A significant increase in the 
amount of adsorbed dyes, with increasing duration of dye adsorption, gave rise 
to an increase in photocurrent density and overall energy conversion efficiency. 
The maximal photocurrent density of 3.94 and 5.89 mA/cm2 were obtained for 
ZnO film of 4 and 13 μm in thickness, immersed in 0.5 mM N719 solution for 
20 min and 30 min, respectively.  




Figure 3.1 a) SEM image of ZnO NS of 4μm in thickness, b) SEM image of 
ZnO NS film of 13 μm in thickness, c) I-V curves for ZnO NS film of 4 μm in 
thickness, d) I-V curves for ZnO NS films of 13 μm in thickness, e) IPCE 
curves for ZnO NS film of 4μm in thickness, and f) IPCE curves for ZnO NS 
film of 13 μm in thickness.  
 
The corresponding maximal energy conversion efficiency η of 1.46% and 
2.34% were obtained for ZnO film of 4 and 13 μm in thickness, where the 
amount of the adsorbed dyes is 2.96E-8 and 4.8E-8 mol/cm2, respectively. 
Although the amount of the adsorbed dye increases with further increase in 
duration of dye adsorption, both the photocurrent density and energy 
conversion efficiency decrease due to the multilayer dye adsorption, which is 
inactive for the electron injection from excited dye molecules into conduction 
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band of ZnO. In addition, the IPCE results shown in Figure 3.1e) and 3.1f) 
suggest the same tendency to the photocurrent, which is an integral 
performance parameter. Photocurrent density is strongly dependent on the 
amount of active absorbers on the ZnO surface. Thus, the high photocurrent 
density and energy conversion efficiency for ZnO film thickness of 13 μm is 
due to the large amount of dye molecules being adsorbed. However, ~30 min 
is required for ZnO film thickness of 13 μm to develop the maximal amount of 
effective dye adsorption, and the time required for dye adsorption is about 20 
min for ZnO film thickness of 4 μm. It indicates that the optimal duration of 
dye adsorption is dependent on the ZnO film thickness, which is different 
from dye adsorption on TiO2. Based on the thickness-dependent optimal 
duration of dye adsorption, it would be of interest to study the dye adsorption 
kinetics, which can predict the rate at which N719 is adsorbed on ZnO from 
ethanol solution and provide valuable information for understanding of the 
sorption reaction mechanism and optimizing the photovoltaic performance of 
ZnO DSSCs.  
 
3.3.2 Dye Adsorption Kinetics of ZnO Films with Different Thickness 
 
There were previous studies of the dye adsorption kinetics for TiO2 films. Lee 
et al.137 have investigated the kinetics of dye N719 adsorption on TiO2 surface 
and showed that the dye adsorption rate was dominantly enhanced by increase 
in dye concentration. Concina and co-workers138 focused on the dyeing 
process for N3 and N719 on TiO2 surface, and demonstrated that a higher dye 
loading was obtained under static impregnation as compared to continuous 
flow condition. Dell’Orto et al.139 studied the kinetics of dye adsorption and 
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reported a simple pseudo-first order kinetic model of dye adsorption on TiO2 
surface using a new spectroscopic tool. Zhang et al.140 investigated the dye 
adsorption chemistry on ZnO surface and found that the dye adsorption was 
significantly influenced by the temperature. Up to now however, few has 
reported the dye adsorption kinetics for ZnO film with different thickness.  
 
The kinetics of N719 adsorption on the ZnO surface is shown in Figure 3.2, 
where the ZnO film thickness is about 4 and 13 µm, respectively. It can be 
seen that the amount of adsorbed dyes increases continuously with increasing 
duration of dye adsorption. It is different from the dye adsorption behavior on 
the TiO2 surface, because that multilayer dye adsorption occurs on the ZnO 
surface after dissociation of Zn2+ in dye N719 solution. The dye/Zn2+ 
complexes are negative to the photovoltaic performance of DSSCs. For an 
effective dye adsorption, the amount of adsorbed dyes rises exponentially as a 
function of dye adsorption duration, as expressed by equation y = y0[1-exp(-
x/τ)], which fits well with a dye adsorption rise time τ of 4 min for ZnO film 
of 4 µm in thickness, and 28 min for ZnO film of 13 µm in thickness. The 
inactive dye adsorption is above the fitted curve for the effective dye 
adsorption due to the multilayer adsorption model. The dye adsorption rise 
time for 13 µm ZnO film is seven times as high as that for 4 µm ZnO film 
under the same experimental condition. This shows that the dye adsorption 
time for ZnO film is strongly dependent on ZnO film thickness, which is 
consistant with the photovoltaic results. For ZnO film thickness of 4 μm, the 
amount of active adsorbed dye gradually increased untill 20 min. However, for 
ZnO film thickness of 13 μm, the active dye adsorption completed within dye 
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adsorption rise time about 30 min. It indicated that the different dye adsorption 
process occurred for the different thickness. Here, the dye adsorption process 
completed within dye adsorption rise time was defined as the first step of dye 
adsorption. Thus, it can be seen that multi-steps of dye adsorption take place 
for the 4 μm ZnO film, which is similar to the observation of dye adsorption 
model in TiO2 film.137  The density of adsorbed dyes on the 4 μm ZnO surface 
is about 4.0E-5 mol/cm3 in the first-step of dye adsorption, and it increases to 
7.5E-5 mol/cm3 with further dye diffusion and adsorption. It has reported that 
the adsorption rate is largely affected by the surface state of photoanode, such 
as the easier dye adsorption on the occupied photoanode surface than that on 
the blank photoanode.141 For ZnO film thickness of 13 μm, one-step of dye 
adsorption takes place, the density of adsorbed dye on the ZnO surface is 
about 3.7E-5 mol/cm3, followed by the formation of dye/Zn2+ complexes 
instead of further dye diffusion and adsorption. It is because that the thick ZnO 
film requires for a longer period of time to diffuse into the entire blank ZnO 
particles. Comparing the densities of adsorbed dye on ZnO surface for the two 
different thicknesses, one can see that the density of adsorbed dye is 
comparable in the first step, e.g., 4.0E-5 mol/cm3 for 4 μm thickness and 3.7E-
5 mol/cm3 for 13 μm thickness, respectively. It shows that the adsorption 
mechanism is the same at this stage for the photoanodes with different 
thickness at room temperature. However, the final density of adsorbed dye for 
the thin ZnO film (7.5E-5 mol/cm3) is larger than that of the thick ZnO film 
(3.7E-5 mol/cm3) due to the multi-step of dye adsorption.  




Figure 3.2 Amount of the adsorbed dye N719 on ZnO vs dye adsorption time. 
 
Nevertheless, the above dye adsorption kinetics is not able to clarify the 
diffusion mechanism. The intraparticle diffusion kinetic model based on the 
equation qt=kdi√t+ci, is thus used to fit adsorption data and to investigate the 
mechanism of adsorption, where kdi is the rate parameter, calculated from the 
slope of the straight line of qt versus t1/2, qt is the amount of adsorbed dye, ci is 
the intercept during stage i, t is the dye adsorption time.142 For intraparticle 
diffusion, qt versus t1/2 will be linear. The linear fits of the intraparticle 
diffusion model for the adsorption of N719 on ZnO NS at room temperature 
are shown in Figure 3.3. The plots for ZnO 4 µm in thickness exhibit multi-
linearity, implying that three-step of dye diffusion takes place. However, the 
ZnO film of 13 µm in thickness exhibits single-linearity, indicating that one-
step of dye diffusion takes place, which is in a good agreement with the 
phenomenon observed in Figure 3.2. For both of the ZnO film with different 
thickness, the first sharper region for dye adsorption is mainly related to the 
dye diffusion into blank ZnO film. The rate parameter during this stage is 
comparable, i.e., 1.19E-8 mol cm-2 min-1/2 for 4 µm ZnO film, and 1.10E-8 
mol cm-2 min-1/2 for 13 µm ZnO film due to the same dye diffusion mechanism. 
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Based on the same dye diffusion mechanism, the similar density of dye 
adsorbed on ZnO films with different thickness has been reported in the first 
step of dye adsorption, such as 4.0E-5 mol/cm3 for 4 μm thickness and 3.7E-5 
mol/cm3 for 13 μm thickness. The second step (kd2), and the third step (kd3) for 
4 µm ZnO film are relatively slow, kd2=0.74E-8 mol cm-2 min-1/2, and 
kd3=0.16E-8 mol cm-2 min-1/2, respectively. These two stages are related to the 
further dye diffusion and final equilibrium stage on the stained ZnO surface 
before forming the dye/Zn2+ complexes. 
 
Figure 3.3 Interparticel diffusion kinetics for adsorption of N719 onto ZnO 
NS. 
 
In order to prove that the first step is mainly related to the dye diffusion into 
blank ZnO surface, the 13 μm thickness was chosen for the investigation 
because of the significant first step of dye diffusion and adsorption, as shown 
in Figure 3.2 and Figure 3.3. The simple dye diffusion scheme was shown in 
Figure 3.4. The dye diffusion length, calculated and experimental dye 
adsorption values are plotted as a function of dye adsorption time, as shown in 
Figure 3.5. The amount of adsorbed dye is proportional to the dye diffusion 
length, and the amount of adsorbed dye at different stage is calculated based 
on the amount of adsorbed dye at 10 min as a reference. The dye diffusion 
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length was obtained according to the Fick’s Second Law 2L Dt= , where the 
diffusion coefficient D=2.5E-10 cm2/s was obtained at L=13 μm and t=28 min. 
Based on the proposed scheme of dye adsorption, it can be seen that the 
calculated amounts of adsorbed dyes on ZnO surface can well match the 
experimental value at 20 min. The amount of adsorbed dye on the ZnO surface 
is slightly higher than the calculated amount at 30 min, as the other step of dye 
diffusion occurs, shown in Figure 3.2. The density of adsorbed dye increases 
because of the further dye diffusion and adsorption on the stained ZnO surface. 
Based on these analyses, the proposed adsorption at the first step due to dye 
diffusion into on the blank ZnO film surface appears reasonable.  
 
Figure 3.4 The dye diffusion schematic diagram for the13 μm ZnO film. 
 
 
Figure 3.5 Calculated diffusion length and the amount of adsorbed dye vs 
immersion time for ZnO films of 13μm in thickness. 
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3.3.3 Dye Adsorption Kinetics of ZnO Films at High Temperature 
 
Both dye-to-ZnO adsorption and dye-to-Zn2+ interaction are time depdendent. 
In order to enable an effective dye adsorption, an appropriate of dye-to-ZnO 
adsorption time is required, before the dye-to-Zn2+ interaction takes place. 
Based on the above analysis, it can be seen that the dye diffusion time limits 
the amount of effectively adsorbed dye. Therefore, it will be helpful to 
accelerate the dye diffusion coefficient to obtain a high density of effective 
dye adsorption. For this purpose, temperature is chosen as a parameter to 
increase the dye diffusion coefficient. Firstly, we have studied the effect of 
dye adsorption on the photovoltaic behavior of DSSCs at high temperature. 
These 13 µm ZnO NS films were immersed in 0.5 mM N719 solution for 
various time periods at 40 oC. The I-V curves and the IPCE results are shown 
in Figure 3.6. The photovoltaic parameters of DSSCs and amount of adsorbed 
dye were summarized in Table 3.2. 
 
 
Figure 3.6 a) I-V; and b) IPCE curves for ZnO films of 13μm in thickness 





CHAPTER 3 DYE ADSORPTION ON ZnO NS 
78 
 
Table 3.2 Photovoltaic parameters of the DSSCs devices made of ZnO NS of 




It can be seen that Voc and FF are hardly varied with the adsorption time. 
During the dye adsorption process, the ZnO electronic behavior, such as the 
conduction band energy level and distribution of the trap states, may not be 
significantly affected by the increasing dye adsorption time at 40 oC. The high 
dye adsorption temperature would effectively reduce the dissolution of ZnO 
and avoid the formation of dye/Zn2+ complexes.117 Based on the photovoltaic 
parameters shown in Table 3.2, one can see that the photocurrent density and 
energy conversion efficiency increase with increasing time of dye adsorption. 
This is attributed to the increased amount of the adsorbed dye with time. A 
photocurrent density 6.05 mA/cm2 was obtained at the immersing time of 10 
min at 40 oC, which is much larger than the maximal photocurrent density 
5.89 mA/cm2 for the same ZnO sample with immersing time for 30 min at 
room temperature.  A maximal photocurrent density 6.54 mA/cm2 and energy 
conversion efficiency 2.6% were obtained at the dye adsorption of 60 minutes. 
The maximal photocurrent density is enhanced by 12% by dye adsorption at 
40 oC as compared to the dye adsorption at room temperature, as shown in 
Table 3.1. This demonstrates that the photovoltaic behavior is improved by 
increasing dye adsorption temperature. According to previous reports, the 
improved photovoltaic property of DSSCs is due to decrease in the formation 
of dye/Zn2+ complexes at high dye adsorption temperature.117 However, few 
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have studied the role of dye adsorption kinetics for the photovoltaic 
performance of DSSCs at high temperature, and the effect of temperature on 
the dye adsorption kinetics for ZnO films. 
 
Figure 3.7 Amount of the adsorbed N719 dye vs immersion time. 
 
In order to further clarify the effect of temperature on the kinetics of dye 
adsorption, the dye uptake was studied by monitoring the amount of active dye 
absorption as a function of time, which is shown in Figure 3.7. The data can be 
described by the exponential function, y=y0[1-exp(-x/τ)], which fits well with 
time τ of 10 min. It indicates that the multi-step of dye adsorption take place. 
In the range of rise time, dye molecules diffuse into blank ZnO film within the 
first 10 min. The dye then diffuses into the stained ZnO from 10 min to 60 min. 
This multi-step of dye adsorption behavior is different from the dye adsorption 
at room temperature. At 40 oC, the density of adsorbed dyes on ZnO surface is 
about 3.1E-5 mol/cm3 in the first step at 40 oC, which is a little smaller than 
3.7E-5 mol/cm3 at room temperature. The smaller value of adsorbed dye on 
the ZnO surface indicates that dye-to-ZnO adsorption becomes weak at high 
temperature, although the dye diffusion is accelerated. The density of adsorbed 
dyes was increased to 5E-5 mol/cm3 due to the multi-step of dye adsorption, 
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which was much larger than that of one-step dye adsorption at room 
temperature (3.7E-5 mol/cm3). Therefore, the high temperature decreases the 
dye diffusion time and increases the density of adsorbed dye by changing from 
one-step to multi-step process. The formation of dye/Zn2+ complexes was 
postponed due to the weak interaction between dye molecules and ZnO at high 
temperature. However, the weak interaction between dye molecules and ZnO 
will cause the lower density of adsorbed dye on ZnO compared to TiO2 under 
the same experimental condition.137  
 
Figure 3.8 Interparticel diffusion kinetics of N719 adsorption on ZnO NS at 
40 oC. 
 
The diffusion kinetics and the mechanism of dye adsorption at high 
temperature are further studied based on the equation qt=kdi√t+ci, where kdi is 
the rate parameter, calculated from the slope of the straight line of qt versus t1/2. 
The linear fits of the diffusion model for the adsorption of N719 on ZnO NS at 
40 oC are shown in Figure 3.8. The plots exhibit three-step dye adsorption, 
which is different from the one-step dye adsorption at room temperature. The 
first diffusion rate within the range of rise time is 1.56E-8 mol cm-2 min-1/2, 
which is larger than the rate at room temperature due to the accelerated dye 
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diffusion. In comparion, further dye diffusion and final equilibrium on the 
stained ZnO surface occurs before the formation of the dye/Zn2+ complexes at 
high temperature. The second adsorption stage (kd2), and third adsorption stage 
(kd3) at 40 oC are relatively slow regions kd2=0.68E-8 mol cm-2 min-1/2, and 
kd3=0.10E-8 mol cm-2 min-1/2, respectively. They are smaller than the rate for 4 
µm ZnO film at room temperature, i.e., kd2=0.74E-8 mol cm-2 min-1/2, and 
kd3=0.16E-8 mol cm-2 min-1/2, respectively. It indicates that the dye diffusion 
can be accelerated at high temperature in the first step. However, the diffusion 
rate into stained ZnO film is decreased at high temperature. Both of the weak 
dye-to-ZnO interaction and low diffusion rate into stained ZnO can explain 
that the final density of dye adsorbed on 13 µm ZnO surface at 40 oC is not 
enough to absorb light and greatly improve photovoltaic property.  
 
3.3.4 Dye Chemisorption Model on ZnO NS Surface  
 
In addition to the amount of adsorbed dyes on ZnO surface, chemisorption 
also plays an important role for the photovoltaic performance. In order to look 
at the dye chemisorption model on ZnO surface, the structural evolution of 
adsorbed dye on ZnO surface with various immersing time is monitored by 
Fourier Transform Infrared (FT-IR) spectra, as shown in Figure 3.9. The 
vibration peak located at 2103 cm-1 is attributed to the absorption of NCS of 
dye N719 molecules. The peak intensity of NCS increases with increasing 
immersing time in the N719 solution. The vibration peak at 1543 cm-1 was 
attributed to the bipyridine ring mode, while the small shift for the peak is 
likely due to change in the π-π interaction strength between adjacent N719 dye 
molecules with time. The absence of FT-IR bands above 1700 cm-1 attributed 
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to C=O vibration from all samples indicates that there are no ester-like linkage 
between the dye molecules and ZnO surface. The FT-IR absorption located at 
1618 and 1374 cm-1 can be described as the asymmetrical and symmetrical 
vibration of carboxylate, respectively. The negative charge is delocalized to 
give two equivalent C-O bonds. The splitting of carboxylate stretching bands 
has often been used in vibration spectroscopic studies of metal complexes of 
carboxylic acids, in an attempt to distinguish between possible coordination 
modes of the carboxylate from metals. The splitting in frequency of the 
absorption band Δυ, expressed as Δυ=υasym(COO-)-υsym(COO-), is very close 
to the value of N719 dye in its powder form, which indicates that  the 
carboxylate groups in N719 dye molecules bind to ZnO surface through 
bidentate bridging linkages at all stages of adsorptions.141 The chemisorption 
is independent of the dye density on ZnO surface, which is similar to the 
chemisorption of N719 dye on TiO2 surface. Although the electron injection is 
similar to that of TiO2 due to the same chemisorption, the energy conversion 
efficiency of ZnO is low. It may well be due to the low density of dye 
adsorption and the formation of dye/Zn2+ complexes, as discussed above.  




Figure 3.9 FT-IR spectra of N719 dye adsorbed on ZnO NS film of 4 µm in 




The effect of dye adsorption on the photovoltaic performance of DSSCs was 
investigated for ZnO NS films. The optimal dye adsorption time is dependent 
on the thickness of ZnO NS film. Based on the diffusion kinetics for the ZnO 
NS film with different thickness, dye diffusion model appears to be greatly 
thickness dependent. In the case of relatively thick ZnO film, the one-step of 
dye diffusion is dominant, due to the dye diffusion into the blank ZnO film. 
For the thin ZnO film, multi-steps of dye diffusion and adsorption takes place, 
due to further dye diffusion and equilibrium into the stained ZnO film in 
addition to the dye diffusion into the blank ZnO film. The multi-step of dye 
adsorption can facilitate the dye adsorption and increase the density of 
adsorbed dye. For the thick ZnO NS film, the dye adsorption model can 
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undergo a change from one-step to multi-step process via as a result of the 
increase in temperature. An enhanced density of dye adsorbed on ZnO film 
can improve the photovoltaic performance at high temperature. However, it 
may not be significant because of the weak dye-to-ZnO interaction, although it 
can suppress the formation of dye/Zn2+ complexes. The N719 dye molecules 
appear to anchor on ZnO surface through stable bidentate bridging linkages.  
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CHAPTER 4 SURFACE PLASMONIC EFFECT ON DSSCs 




Based on the study in Chapter 3, insufficient dye loading on ZnO surface is 
one of the issues for ZnO-based DSSCs. In order to enhance the light 
harvesting, several other approaches have been taken. Recently, surface 
plasmon resonance, which is generated when incident light excites coherent 
oscillation of the free electrons in metal nanoparticles, typically composed of 
silver or gold, has been shown to be a viable mechanism to enhance the light 
absorption capability.143 The metal nanoparticles act as light-harvesting 
components via excitation of their surface plasmon resonance in the visible 
range of spectrum. The coupling of localized surface plasmon resonance 
(LSPR) with the adsorbed dye can lead to an increase in the effective 
absorption cross-section of dye molecules. In principle, LSPR can enhance the 
overall light absorption, charge carrier generation and photocurrent generation, 
which have been demonstrated with TiO2 thin films incorporated with silver 
islands and a sparse coating of gold nanostructure.144, 113 In addition to TiO2, 
LSPR-enhanced photovoltaic performance has also been observed with thick 
film of TiO2 nanoparticles incorporated with Ag nanoparticles.112 However, 
the photocurrent, photovoltage and fill factor of DSSCs may also be affected 
by incorporation of bare Au or Ag nanoparticles, when the metal nanoparticles 
act as recombination centers or corrosion by the electrolyte took place.144 In 
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order to overcome this drawback, Snaith and co-workers 114 applied SiO2 
coated Au core shell structure into DSSCs of TiO2 nanoparticles, and reported 
LSPR-enhanced light absorption, photocurrent, and overall energy conversion 
efficiency. They explained that the SiO2 layer could avoid the gold 
nanoparticles as the recombination center, prevent Oswald ripening of Au 
nanoparticles, and adjust the separation distance between Au nanoparticle and 
chromophore. When the adsorbed dye molecules and Au nanoparticle are too 
close however, energy transfer will take place from the excited dye to Au 
nanoparticle.114 It is well known that the surface plasmonic near-fields are 
confined within only a tiny region of the nanometer length scale near the 
surface of metal nanoparticles. They decay significantly thereafter, and rule 
the optical interaction between particles placed in close proximity and the 
interaction with nearby molecules.145 If the Au nanoparticle and adsorbed dye 
molecules is too far then there may be no near-field absorption enhancements 
in the dye. Therefore, the thickness of SiO2 coating layer is required to be very 
thin in order to develop a strong optical interaction between Au nanoparticle 
and the adsorbed dye molecule. The hybridization of plasmon modes 
supported by the individual Au clusters can be generated due to the small 
separation distance between Au clusters, causing the surface plasmon 
resonance shift.146 In order to improve the photovoltaic behavior, one should 
be aimed at both obtaining a strong plasmonic near-field effect on the optical 
extinction efficiency of dye molecules, and at the same time maintaining the 
surface plasmon modes of individual Au cluster.  
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In the study detailed in this chapter, instead of the conventional Au@SiO2 core 
shell structures, we have designed and synthesized a class of asymmetric Au-
SiO2 clusters with a number of Au nanoparticles off-centers. With a number of 
Au nanoparticles assembled in the asymmetric Au-SiO2 clusters, the intensity 
of plasmonic near field and extinction efficiency of Au nanoparticles at Au 
nanoparticle grain boundary will be increased because of the coupling of the 
surface plasmon near-field of each Au nanoparticle.147 The asymmetric Au-
SiO2 clusters include both a thinner SiO2 layer side, where a strong optical 
interaction between Au nanoparticles and adsorbed dye molecules can be 
developed, and a thicker SiO2 layer side, where the surface plasmon mode of 
individual Au cluster can be maintained. To the best of our knowledge, few 
studies have been made of the Au-SiO2 asymmetric clusters with a number of 
Au nanoparticles off-centers and investigation into the effect of surface 
plasmons on DSSCs of porous ZnO nanosheets. LSPR is believed to has a 
more significant effect on the light absorption of loose ZnO nanosheets than 
that of the dense film structure. Light can be well reflected in the porous ZnO 
nanosheets. The shadowing of metal nanoparticles in a dense structure cannot 
be avoided, leading to restricted light penetration into the film. In this chapter, 
we first describe a facile and novel process modified from the Stöber method 
to prepare Au-SiO2 asymmetric clusters with Au nanoparticles being 
positioned off-center. We will then incorporate these Au-SiO2 asymmetric 
clusters into ZnO nanosheet photoanode. Finally, we will demonstrate the 
effect of these Au-SiO2 asymmetric clusters on the photocurrent and energy 
conversion efficiency in DSSCs of ZnO nanosheet structure. 
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Hydrogen tetrachloroaurate (HAuCl4•3H2O, Sigma-Aldrich, St. Louis, MO), 
toluene (Riedel-deHaen), tetraoctylammonium bromide (TOAB, Aldrich, St. 
Louis, MO), sodium borohydride (NaBH4, Merck, Whitehouse Station, NJ), 
dodecanethiol (DDT, Aldrich, St. Louis, MO), block copolymer Pluronic F127 
(EO106PO70EO106, Sigma, St. Louis, MO), tetramethoxysilane (TMOS, 98%, 
Aldrich, St. Louis, MO), tetrahydrofuran (THF, Fisher Science, Singapore), 
Zinc acetate hydrate (Zn(CH3COO)2·2H2O, 98%, Alfar Aesar, Ward Hill, 
MA), Ethylenediamine (EDA; Merck, Whitehouse Station, NJ) were 
purchased. All the chemicals were not further purified before use. 
 
4.2.2 Synthesis of Au Nanoparticles 
 
The dodecanethiol surface-coated gold nanoparticles are synthesized in a two-
phase liquid-liquid system.148 The typical procedure is described as follows: 
an aqueous solution of hydrogen tetrachloroaurate (30 mM) was mixed with a 
solution of tetraoctylammonium bromide in toluene (50 mM). The two-phase 
mixture solution was vigorously stirred until all tetrachloroaurate was 
transferred into the toluene layer. Dodecanethiol (0.12 mmol) was then added 
to the mixture solution with stirring for another 1 h. 6 ml of a freshly prepared 
aqueous solution of sodium borohydride (0.4 mM) was slowly added into the 
mixture solution with vigorous stirring. After further stirring for 2 h the 
toluene phase was separated and centrifuged with ethanol to remove excess 
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thiol. Finally, the as-prepared Au nanoparticles were re-dispersed into THF for 
further using with about 10 mg/ml. 
 
4.2.3 Synthesis of Au-SiO2 Asymmetric Nanoclusters 
 
In a typical synthesis,149 90 mg of F127 was dissolved in 800 μL THF and 
mixed with 100 μL of the dodecanethiol surface-coated Au stock solution. The 
mixtures were stirred at room temperature for 12 h before adding TMOS (23 
μL). Subsequently, the mixture was vortexed and sonicated for 1 min, and then 
injected slowly into 10 g of deionized water (DI water) while being stirred at 
700 rpm. The stirring was continued for an additional 4 days to evaporate THF 
and ensure a complete hydrolysis of TMOS. The resultant aqueous dispersion 
of Au-SiO2 asymmetric clusters was then dialyzed for 24 h against DI water 
using an MWCO 8000 dialysis tube to remove the unreacted silica precursors. 
  
4.2.4 Preparation of ZnO Nanosheets Structures 
 
ZnO nanosheets were prepared by a wet-chemical method, as described in the 
2.2.2 of Chapter 2.  
 
4.2.5 ZnO NS Incorporated with Au-SiO2 Asymmetric Clusters  
 
An appropriate amount of the ZnO powder consisting of nanosheets was 
dispersed in organic binders with weight ratio 11%,127 incorporating a 
specified amount of Au-SiO2 asymmetric clusters. ZnO films were prepared 
by a doctor blading method.19 The preparation of ZnO DSSCs is similar to the 
procedure described in the 2.2.3 of Chapter 2. 
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4.2.6 Characterizations  
 
The morphologies of the Au-SiO2 clusters were investigated by transmission 
electron microscopy (TEM, JEOL JEM-2010F, JEOL, Tokyo, Japan). The 
chemical structures of the as-prepared Au nanoparticles, Au-SiO2 clusters and 
ZnO with or without Au-SiO2 clusters were studied using Fourier transform 
infrared spectroscopy (FT-IR, Varian 3100 Excalibur, Palo Alto, CA). The 
optical behavior of Au nanoparticles, Au-SiO2 asymmetric clusters and the 
amount of dye loading were measured by using UV-VIS-NIR 
spectrophotometer (Cary 5000, Varian, Santa Clara, CA). Characterization of 
photovoltaic performance has been described in section 2.2.4 of Chapter 2.  
 
4.2.7 Simulation of Extinction Spectra and Plasmonic Near-Field Maps 
 
Simulation studies were conducted in collaboration with Yuan Kaidi, where 
the studies of optical extinction spectra were performed using the discrete 
dipole approximation (DDA) implemented in DDSCAT 7.22 software.150 The 
dipoles were distributed within spheres that represent the shapes of the 
asymmetrical Au-SiO2 clusters. The characteristic dimensions of the gold 
nanoparticles and SiO2 spheres were determined from large-ensemble TEM 
measurement. Plasmonic near-field maps were simulated at the LSPR 
wavelengths using the ddfield routine of the DDSCAT 7.22 package. All maps 
were generated outside the gold nanoparticles at the minimum distance of 1 
nm from the gold surface and with incident polarization along the x-axis.  
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4.3 Results and Discussion 
 
4.3.1 Au Nanoparticles 
 
Figure 4.1 (a) TEM image of the as-synthesized Au particles, (b) XRD pattern 
of the as-synthesized Au particles, (c) XPS spectrum of the as-synthesized Au 
particles, (d) FT-IR spectra of the dodecanethiol (DDT) and as-synthesized Au 
particles.  
 
Figure 4.1a shows the transmission electron microscopy (TEM) image of the 
as-synthesized Au nanocrystals. Discrete Au particles were observed in 
electron micrographs with uniform particle size. Analysis of particle size 
distribution was conducted using a sample of 100 particles showing a 
Gaussian distribution with an average particle size of 3 nm and standard 
deviation of about 0.5 nm. X-ray diffraction (XRD) pattern of the as-
synthesized Au particles is shown in Figure 4.1b. The two peaks gave rise to 
well established peaks of gold fcc structure, which can be indexed to the (111) 
and (200) planes. The FWHM of the (111) peak was further obtained by fitting 
to Gaussian distribution, where the calculation of  peak width using the 
CHAPTER 4 SURFACE PLASMON EFFECT IN ZnO NS DSSCs 
92 
 
Scherrer equation yielded an average crystallite size of 2.5 nm for the as-
synthesized Au nanoparticles, which is in good agreement with that obtained 
from the TEM studies. The oxidation state of gold in the gold nanoparticles 
was determined by X-ray photoelectron spectroscopy (XPS), as shown in 
Figure 4.1c. The binding energies of the doublet for Au 4f7/2 (83.8 eV) and Au 
4f5/2 (87.5 eV) are characteristic of Au0. It indicates that the gold atoms in the 
clusters are largely as Au0. The chemical bound of Au nanoparticles is also 
monitored by Fourier Transform Infrared (FT-IR) spectra, as shown in Figure 
4.1d, which verify the dodecanethiol surface-coated Au structure. 
 
The experimental results of TEM, XRD, XPS, and FT-IR indicated that the 
surface sulfur-functionalized gold metallic clusters have been successfully 
synthesized. These Au nanoparticles are hydrophobic due to the dodecanethiol 
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4.3.2 Growth Mechanism for Asymmetry Au-SiO2 Clusters 
 
 
Figure 4.2 Scheme showing the formation of Au-SiO2 asymmetric clusters by 
a process modified from the Stöber method.  
 
Asymmetric clusters have attracted considerable interests owing to their 
potential in several applications, such as in optical, optoelectronic, and sensing 
devices.151 A common route for synthesis of asymmetric structure is to utilize 
an active surface, such as a liquid-liquid or liquid-solid interface, to expose the 
two sides of a particle to different chemical environments.152 The essential 
idea behind our approach is to form the Au-SiO2 asymmetric clusters at the 
interface. Figure 4.2 shows the scheme of interfacial formation of the Au-SiO2 
asymmetric clusters. To start with, F127, a commercially available 
representative of non-ionic PEO-based block copolymers, pre-prepared 
hydrophobic dodecanethiol-coated Au nanoparticles of ~3 nm in diameter, and 
silica precursor TMOS are mixed and well dispersed in THF (Figure 4.2A). 
Upon injecting the mixture solution into an aqueous environment, the 
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hydrophobic Au nanoparticles tend to aggregate together prior to the coating 
process, and form a hemisphere with curvature, in order to lower the 
hydrophobic-hydrophilic interfacial energy. The morphology of the 
aggregated Au nanoparticles is independent of the amounts of surfactant F127 
and Au nanoparticles added, as shown in Figure 4.3, and Figure 4.4, 
respectively, when the curvature is largely decided by the intrinsic behavior of 
dodecanethiol and water. The same phenomena have been observed by Sastry 
and co-workers.153 It is known that the hydrophobic hemisphere Au 
nanostructures are not stable in the aqueous environment without surface 
modification. The Au nanoparticles exhibit a weak affinity towards silica, the 
deposition and adhesion of silica on the Au nanoparticles surface is relatively 
hard in the absence of primer.154 Here, we employ surfactant F127 as the 
stabilizer and primer, where the PPO chains of F127 will interact with the 
hydrophobic dodecanethiol chains on the surface of Au nanoparticles, and the 
PEO chains of F127 will be exposed to water to minimize the interfacial 
energy between the aggregated hydrophobic Au nanoparticles and water. 
Polymeric micelles of F127 will form and TMOS is dispersed in the water 
solution with the protection of F127 (Figure 4.2B). Consequently, the 
hydrolysis reaction of TMOS takes place, and the resultant silica phase is apt 
to attach on the surface of hemisphere Au aggregation with F127 via hydrogen 
bonding.155 The hydrogen bonding is formed between the silanol group of 
hydrolyzed TMOS and the PEO chains of F127 surfactant. Subsequently, the 
silanol groups condense on the surface of aggregated Au hemispheres to form 
a thin silica layer (Figure 4.2C). In order to demonstrate the role of surfactant 
F127, we had prepared a sample without F127 by keeping the other 
CHAPTER 4 SURFACE PLASMON EFFECT IN ZnO NS DSSCs 
95 
 
parameters unchanged, and observed that only aggregated Au nanostructure is 
formed without silica shell, as shown in Figure 4.5. The fact that the surfactant 
F127 affected the silica deposition strongly supports the growth theory via 
hydrogen bonding. As the process proceeds, the unreacted TMOS in the 
solution will undergo further hydrolysis and condensation on the outer surface 
of the silica shell, forming the Au-SiO2 asymmetrical clusters with aggregated 
Au nanoparticles being positioned off-center (Figure 4.2D). The resultant Au-
SiO2 asymmetric clusters consist of two parts, namely the silica sphere and Au 
aggregation (Figure 4.2E) embedded in the silica. This facile and novel 
process modified from the Stöber method has several advantages, including 
for example: (i) simple - the hydrophobic Au nanoparticles are directly coated 
by silica without ligand exchange, (ii) benign - the Au-SiO2 asymmetric 
clusters can be successfully formed in an aqueous solution at room 
temperature. As discussed below, the Au-SiO2 asymmetric clusters can be 
applied in the DSSCs, where the overall performance is improved and the 
important features of Au-SiO2 asymmetric clusters are described. 




Figure 4.3 TEM images of the as-synthesized Au-SiO2 asymmetric clusters 





Figure 4.4 TEM images showing the as-synthesized Au-SiO2 asymmetric 
clusters with different amounts of Au nanoparticles: (a) 100 μl, (b) 200 μl.  
 




Figure 4.5 TEM image showing a Au-SiO2 cluster prepared in the absence of 
surfactant F127. 
 
4.3.3 Growth Process 
 
In order to prove the above proposed growth mechanism for the asymmetry 
Au-SiO2 clusters, the steps involved in the synthesis process were monitored 
at different stages. TEM images of the samples synthesized at reaction times 
of 8 h, 24 h, 2 d, and 4 d are shown in Figure 4.6a, b, c, and d, respectively. 
Aggregated Au hemispheres were initially formed due to the intrinsic behavior 
of dodecanethiol and water (Figure 4.2a). A thin layer of silica then grew on 
the surface of Au hemispheres in the presence of surfactant F127 (Figure 4.2b), 
and the silica deposition on the silica layer occurs with the further hydrolysis 
of TMOS (Figure 4.2c), followed by the development of a spherical 
morphology at the late stage (Figure 4.2d). 




Figure 4.6 TEM images showing the as-synthesized Au-SiO2 asymmetric 




Figure 4.7 (a) TEM image showing the as-synthesized Au@SiO2 asymmetric 
clusters; (b) a high magnification image of the as-synthesized Au@SiO2 
asymmetric clusters; (c) FT-IR spectra of DDT, F127, Au nanoparticles, and 
Au@SiO2 asymmetric clusters; (d) UV-vis spectra of Au nanoparticles and 
Au@SiO2 asymmetric clusters before and after thermal treatment. 
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Figure 4.7a further characterizes the morphology of the as-synthesized 
asymmetric Au-SiO2 clusters. There is a clear contrast between the grey silica 
and dark Au nanoparticles. The clusters are rather uniform in dimensions, i.e., 
about 40 nm with rather identical structure, where each contains a number of 
aggregated Au nanoparticles on one side of the cluster. It also can be seen that 
the cluster size is largely determined by the curvature of the Au hemisphere, 
and the curvature of Au hemisphere is decided by the intrinsic behavior of 
dodecanethiol and water, which can explain the formation of uniform clusters 
obtained on a large scale. A high magnification TEM image of typical Au-
SiO2 asymmetric clusters is shown in Figure 4.7b, where one can see that the 
aggregated Au nanoparticles are individually dispersed and do not show 
multiply twinned morphology, due to the protection from the dodecanethiol 
groups on their surfaces. The silica shell is initially grown on the surface of 
aggregated Au nanoparticle hemispheres, as illustrated in Figure 4.2. The 
chemical structure of Au-SiO2 asymmetric clusters were further characterized 
using FT-IR spectroscopy, as shown in Figure 4.7c over the wavelength range 
of 4000-400 cm-1. It can be seen that the peaks at 2850 and 2920 cm-1 are 
contributions from the C-H of CH2 group symmetric and the antisymmetric 
vibrations of DDT and F127 molecules. The small peak at 1262 cm-1 
corresponds to the C-H stretching of surfactant F127. The peak at 1100 cm-1 
arises from the Si-O-Si antisymmetric stretching.156 The presence of the 
characteristic bands of silica, F127 block copolymers and DDT, confirms the 
hybrid structure of the silica-Au asymmetric clusters, as shown in Figure 4.2E. 
The morphologies of the Au-SiO2 clusters before and after annealing are 
shown in Figure 4.8. We have characterized the optical behavior of the as-
CHAPTER 4 SURFACE PLASMON EFFECT IN ZnO NS DSSCs 
100 
 
synthesized Au nanoparticles, and Au-SiO2 asymmetric clusters before and 
after annealing using UV-vis spectroscopy. As shown in Figure 4.7d, there is 
an obvious visible light absorbance at ~500 nm for both the as-synthesized Au 
nanoparticles and the Au-SiO2 asymmetry clusters, indicating the occurrence 
of LSPR with both samples. The LSPR peak does not shift for the as-
synthesized Au nanoparticles and Au-SiO2 asymmetric clusters, which 
suggests that the aggregated Au nanoparticles are individually dispersed in the 
Au-SiO2 asymmetric clusters, in a good agreement with the TEM observations 
(shown in Figure 4.8a). Upon thermal annealing at 400 oC for 20 min, the 
visible light absorption is red shifted to ~530 nm due to the decomposition of 
the DDT group, where the overall refractive index of the surface layer has 
changed.157,158  The secondary growth of Au nanoparticles is shown in Figure 
4.8b.  
 
Figure 4.8 TEM image of Au-SiO2 clusters: (a) before thermal treatment, (b) 
after thermal treatment. 
 
4.3.4 LSPR of Asymmetric Au-SiO2 Clusters 
 
Previous experimental and theoretical works were mainly focused on the 
LSPR of core shelled Au-SiO2 or Janus structure with single Au nanoparticle. 
Little work has been reported for the LSPR of asymmetric Au-SiO2 clusters 
with a number of Au nanoparticles off-center. In order to illustrate the distinct 
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optical behavior of the asymmetry Au-SiO2 clusters with a number of Au 
nanoparticles off-center, the plasmonic near-field maps for the Au-SiO2 
asymmetric clusters with one, three, and seven Au nanoparticles off-center 
were simulated at the LSPR wavelengths using the ddfield routine of the 
DDSCAT 7.22 software, and the optical extinction spectra were simulated 
using DDA, as shown in Figure 4.9, along with a simple morphology scheme. 
The green sphere represents SiO2, and the red small spheres represent Au 
nanoparticles, which are well dispersed in the SiO2 sphere. A weak plasmon 
near-field intensity was obtained from the plasmonic near-field map of the 
asymmetry Au-SiO2 clusters with one Au nanoparticle off-center, and a 
surface plasmon resonance at 530 nm was observed from the optical extinction 
spectrum. Compared to the clusters with one Au nanoparticle, the asymmetry 
Au-SiO2 clusters with three or seven Au nanoparticles displayed greatly 
enhanced plasmonic near-field intensity at the boundary between Au 
nanoparticles, as shown in Figure 4.9b and 4.9c, which can be explained by 
the plasmonic near-field coupling in Au dimers.147 At the same time, the 
optical extinction efficiency was enhanced with increasing the number of Au 
nanoparticles, as shown in Figure 4.9d, in a good agreement with the 
plasmonic near-field maps, shown in Figure 4.9a-4.9c.  




Figure 4.9 Plasmonic near-field maps (cross-section view at x=0, incident 
light from x direction and polarization along y axis) simulated using DDA for 
the Au-SiO2 asymmetric clusters with different amounts of Au nanoparticles: a) 
one Au nanoparticle; b) three Au nanoparticles; and c) seven Au nanoparticles, 
d) optical extinction spectra.  (This figure is conducted in collaboration with 
Mr. Yuan Kaidi) 
 
In addition, the LSPR peaks shifted from 530 nm to around 560 nm with the 
increasing number of Au nanoparticles because of the near field coupling 
between Au nanoparticles. The observed difference between the simulated 
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optical extinction spectra using DDA at 560 nm and the experimental results at 
530 nm can be accounted for by the number (3 to 7) of Au nanoparticles. The 
parameters that control the as-prepared asymmetry Au-SiO2 clusters with a 
number of Au nanoparticles off-center are rather complicated. Indeed, it has 
been reported for the enhanced optical extinction efficiency of Au dimers 
deposited on a substrate using electron beam lithography.147  For the 
asymmetry Au-SiO2 clusters with an appropriate amount of Au nanoparticles, 
the local optical fields in the interstitial space between two Au nanoparticles 
can be strongly enhanced by 4-5 times, as compared to the plasmonic near 
field intensity for asymmetry Au-SiO2 clusters with a single Au nanoparticle. 
It would therefore be of interest to investigate the Au-SiO2 clusters with a 
number of Au nanoparticles off-center for visible-light harvesting. 
 
4.3.5 Au-SiO2 Cluster on Photovoltaic Property in DSSCs 
 
An enhanced light harvesting and stronger interaction between Au 
nanoparticle and chromophore would be able to enhance the overall energy 
conversion efficiency in DSSCs. In several recent studies, considerable efforts 
have been made to apply the Au-SiO2 nano core shell structures to DSSCs to 
enhance the light harvesting and the overall photovoltaic performance. 
Different from those studies using Au-SiO2 nano core shells, we incorporate 
Au-SiO2 asymmetric clusters into DSSCs by using ZnO nanosheets as the 
photoanode. Figure 4.10a shows the current voltage (J-V) curves for DSSCs 
by employing N719 ruthenium sensitizer with 8.3 μm thick ZnO 
nanosheet/Au-SiO2 asymmetric clusters. The photovoltaic parameters 
measured for the DSSC cells were summarized in Table 4.1. The fill factor 
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and the open-circuit voltage did not change much by incorporating the Au-
SiO2 asymmetric clusters into ZnO nanosheets. It suggests that the presence of 
the Au-SiO2 asymmetric clusters does not create more recombination centers. 
However, the overall conversion efficiency of DSSCs was improved when the 
Au-SiO2 asymmetric clusters were added, where the photocurrent was 
apparently enhanced, indicating that the surface plasmons arising from the Au-
SiO2 clusters have contributed to the overall light harvesting and the 
photocurrent generation. The incident photon-to-current conversion (IPCE) 
spectra show that the DSSC device incorporated with Au-SiO2 clusters 
possessed much higher internal quantum efficiency than the one without Au-
SiO2 incorporation, as shown in Figure 4.10b. It can be seen that the 
photocurrent peaks mainly occur in the visible light range at approximately 
530 nm contributed by the dye absorption with values of 22, and 35% for ZnO 
film and ZnO film with Au-SiO2 clusters, respectively.  That is, the IPCE 
obtained for the ZnO film with Au-SiO2 cluster is almost 1.6 times of that of 
the ZnO film. IPCE can be expressed in terms of the light-harvesting 
efficiency (LHE), the quantum yield of charge injection from the excited dye 
to the semiconductor, and the collection efficiency of injected electrons at the 
back contact. As discussed above, the ZnO films with or without Au-SiO2 
clusters have similar nanostructures and electronic behavior. Since the same 
dye and electrolyte were employed in the DSSC fabrication, the internal 
quantum efficiency is expected to be similar for the ZnO films with or without 
Au-SiO2 clusters. The difference in IPCE shall be largely related to the light 
harvesting efficiency, which confirms the surface plasmonic enhanced 
photocurrent and overall energy conversion efficiency, as shown by the J-V 
CHAPTER 4 SURFACE PLASMON EFFECT IN ZnO NS DSSCs 
105 
 
curves. Up to now, the plasmonic enhanced photovoltaic properties were only 
observed for DSSCs with film thicknesses less than 1 μm.114 The shadowing 
effect cannot be avoided in thick dense films, leading to restricted light 
penetration into the films. In the present study, the DSSC device with a ZnO 
nanosheets electrode of ~8.3 μm in thickness possesses a loose structure, as 
shown in Figure 4.10c. It demonstrates a plasmonic enhanced photocurrent by 
ensuring a good light reflection in such thick yet porous films after being 
incorporated with Au-SiO2 asymmetric clusters. It also indicates that photons 
absorbed by the asymmetry Au-SiO2 clusters have been successfully 
converted to electrons in DSSCs.159 In addition, the chemical structures of 
both the ZnO nanosheets and the ZnO nanosheets with Au-SiO2 asymmetric 
clusters were measured by FT-IR spectra, as shown in Figure 4.10d. Both 
show similar FT-IR spectra, indicating that there is no additional bond formed 
in the ZnO nanosheet structure after incorporation of Au-SiO2 clusters. There 
is a strong plasmonic near-field for the asymmetry Au-SiO2 clusters with a 
number of Au nanopariticles, as shown in Figure 4.9. Therefore, when 
compared to the conventional Au-SiO2 core-shells or Janus structure with one 
single Au nanoparticle, the asymmetric Au-SiO2 clusters will greatly enhance 
the interaction between Au nanoparticles and adsorbed dye molecules via the 
strong surface plasmonic near-field, leading to an increase in the extinction 
efficiency of dye molecules. It has been reported that the LSPR wavelength 
peak of Au dimer shifts due to the near-field coupling between Au 
nanoparticles, and that the shift decays almost exponentially with increasing 
Au nanoparticle spacing and become negligible when the gap between the Au 
nanoparticles exceeds about 2.5 times of the particle short-axis length.160 For 
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the Au-SiO2 asymmetric clusters, the SiO2 spheres have diameters of about 40 
nm, which is much larger than those of the aggregated Au clusters. Therefore 
the LSPR shift can be ignored and the plasmon mode at 530 nm supported by 
the individual asymmetry Au-SiO2 clusters can be maintained when two 
asymmetric Au-SiO2 clusters touch with each other in the ZnO film. This 
plasmon mode of individual asymmetric Au-SiO2 clusters with a number of 
Au nanoparticles at 530 nm matches the dye N719 absorption position very 
well.  
 
Table 4.1 Photovoltaic parameters of the DSSCs devices made of ZnO 
nanosheets with and without Au-SiO2 asymmetric clusters. 
 
 
Figure 4.10 (a) J-V curves and (b) IPCE spectra of the DSSC devices made of 
ZnO nanosheets with and without Au-SiO2 asymmetric clusters. (c) The cross-
sectional SEM image of the DSSC device made of ZnO nanosheets without 
Au-SiO2 asymmetric clusters. (d) FT-IR spectra of ZnO nanosheets with and 
without Au-SiO2 asymmetric clusters. 
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4.3.6 Enhanced Light Harvesting 
 
In order to prove the effect of LSPR on the enhancement of light harvesting 
capability, the optical absorption spectra of the ZnO nanosheet film and the 
ZnO nanosheet film with Au-SiO2 clusters before and after dye loading were 
shown in Figure 4.11a. They clearly show the effectively enhanced incident 
light absorption in the ZnO nanosheet film with Au-SiO2 clusters, when 
compared to that of the ZnO nanosheet film before and after dye loading, 
respectively. In principle, metal nanoparticles could enhance the light 
absorption by either scattering light enabling a longer optical path-length, the 
direct dipole-dipole interaction, or the near-field coupling between the surface 
plasmon polariton and the dye excited state. It is well known that the light 
scattering of metal nanoparticles is related to their particle sizes, i.e., a larger 
metal particle size gives rise to a stronger light scattering effect.161 Snaith et 
al.114 have reported a negligible effect of light scattering of Au-SiO2 
nanostructures on the enhancements of light absorption. Moreover, in the 
present study, the amount of Au-SiO2 clusters in the DSSC device is small, 
suggesting that the enhancement of light harvesting is not due to the light 
scattering. The two remaining possibilities are the discrete energy transfer 
from the plasmon mode to the dye excited state, or the direct near field 
coupling between the surface plasmonic resonance and the dye excited state. 
The former is unlikely due to the existence of an insulator layer of SiO2.162 
Thus, the light-harvesting efficiency in the ZnO nanosheet films with Au-SiO2 
clusters was improved mainly by the direct interaction between surface 
plasmonic near-field and adsorbed dye molecules. The plasmonic near-field 
maps of asymmetric Au-SiO2 cluster with a number of Au nanoparticles were 
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shown in Figure 4.11c and 4.11d. Au nanoparticles can be used as an effective 
‘antenna’ for the incident sunlight that stores the incident energy in a localized 
surface plasmon mode. Indeed, a strong LSPR around the Au clusters is 
observed in Figure 4.11c and 4.11d, which led to an intensified plasmonic 
near-field and hence a higher optical absorption in ZnO photoanode. In order 
to prove the near-field effect on the increase in extinction cross section of 
adsorbed dye molecules, leading to the enhanced light harvesting, the 
plasmonic near-field distribution is taken into consideration and is shown in 
Figure 4.11b. There is a fast decay of the near-field, and the near-field effect 
disappears within 2 nm from the Au nanoparticle surface. In the asymmetric 
Au-SiO2 clusters, the thickness of the SiO2 layer on the Au cluster side is 
about 1 nm, which means that the effective interaction between the LSPR 
from Au nanoparticles and the adsorbed dye molecules occurs. The increase in 
the photocurrent density and the overall energy conversion efficiency for the 
ZnO nanosheet films with Au-SiO2 clusters can thus be explained on the basis 
of the enhanced light harvesting capability, due to the near-field coupling 
between the surface plasmon polariton and the dye excited state. 




Figure 4.11 a) UV-vis absorption spectra of the ZnO nanosheet film with or 
without Au-SiO2 clusters before and after dye loading; b) enhancement in the 
electric field intensity at the LSPR peak wavelength as a function of distance; 
c) plasmonic near-field map; d) plasmonic near-field isoplanar map. (Figure 
4.11 b) c) and d) are conducted in collaboration with Mr. Yuan Kaidi and Dr. 
Karvianto) 
 
To further confirm that the enhanced light harvesting efficiency is derived 
from the surface plasmonic effect of Au-SiO2 nanoclusters, the amount of 
adsorbed dye in both devices (bare ZnO nanosheet film and ZnO nanosheet 
film with asymmetric Au-SiO2 clusters) was investigated, as summarized in 
Table 4.1. The dye can be desorbed into 1.0 mM NaOH solution by keeping 
the dye-adsorbed films in NaOH solution for 1 h to make sure most of the dye 
is desorbed. The absorption spectra of the desorbed dye are shown in Figure 
4.12, where the peaks located at 370 nm and 499 nm can be observed, which 
correspond to N719 dye in 1.0 mM NaOH solution. There is a larger 
absorbance value for the bare ZnO nanosheet films than that for the ZnO 
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nanosheet films with asymmetric Au-SiO2 cluster, which means that the 
presence of Au-SiO2 clusters has decreased the dye adsorption on the surface 
of ZnO nanosheets. Therefore, the increase in current density and energy 
conversion efficiency is not an effect of the dye adsorption. It is the LSPR 
enhanced light harvesting capability.  
 
Figure 4.12 UV-vis absorption spectra of the dye desorbed from the bare ZnO 




We have successfully developed a class of Au-SiO2 asymmetric clusters with 
a number of Au nanoparticles positioned off-center via a facile route modified 
from the Stöber method in aqueous solution. The Au-SiO2 asymmetric clusters 
exhibit a strong optical extinction efficiency and plamonic near-field effect 
due to the localized surface plasmon resonance coupling between the Au 
nanoparticles in the Au-SiO2 asymmetric clusters. The strong optical 
interaction between Au clusters and adsorbed dye molecules thus obtained can 
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enhance the light harvesting capability from the thinner SiO2 side, and the 
surface plamson resonance shift can be avoided from the thicker SiO2 side 
when two Au-SiO2 clusters touch with each other. A plasmonic effect in 
photocurrent and overall energy conversion efficiency has been demonstrated 
for DSSCs by incorporating these Au-SiO2 asymmetric clusters into the thick 
ZnO nanosheet film. As a result of the improved light harvesting efficiency by 
the surface plasmonic effect of Au-SiO2 asymmetric clusters, an enhancement 
in both photocurrent density and energy conversion efficiency is observed.  
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CHAPTER 5 LARGE ZnO MESOCRYSTALS OF 
HEXAGONAL COLUMNAR MORPHOLOGY DERIVED 




Developing ZnO structure with high electron mobility and a level of porosity 
is another way to improve the photovoltaic performance of DSSCs. ZnO 
mesocrystals have received considerable attention for their single-crystal-like 
structure and at the same time a level of mesoporosity.92 In addition to 
photovoltaics, the novel structure of ZnO mesocrystal has the potential 
applications in photocatalysis and sensor devices, owing to the high 
crystallization and a level of mesoporosity. Mesocrystal can be grown by 
several different techniques, where the clarification of growth mechanisms is 
critically important in controlling and optimizing their morphology and 
functional behavior for different applications. 
 
Several types of ZnO mesocrystals have been successfully derived via facile 
liquid phase routes with single-crystal-like structures.93,163,164 The exact 
growth mechanisms are however the subject of debate and further discussion. 
In particular, the exact functions of some of the organic additives/templates 
and solvents involved, as well as the interaction between the organic species 
and the inorganic species are not properly understood. This is largely due to 
the rather fast reaction kinetics and high surface energy of inorganic species 
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involved in the liquid solution with high fluidity. A handful of efforts have 
thus been devoted to study the formation process of mesocrystals, including 
employing a time resolved high-resolution (HR) TEM technique, and 
computational investigations describing formation processes (organic matrix, 
physical fields, interparticle forces, mineral bridges, space constraints and self-
similar growth).92-94 Indeed, a convincing description requires a complete set 
of experimental observations at various stages of crystallization, assembling 
and growth. Compared to the conventional liquid phase, a liquid crystal (LC) 
phase has the apparent advantage of involving a high viscosity flow together 
with a highly ordered anisotropic structure on a large scale, which can reduce 
the reaction rate and assist the formation of uniform mesostructures on a large 
scale. Previous investigations have reported the synthesis of and control in the 
shape, size and dimensionality of nanostructures by modulating the LCs phase 
as compared to the liquid phase route.165 However, to the best of our 
knowledge, few studies have been made with LC-templated growth of 
mesocrystals. It would be therefore of considerable interest to investigate the 
formation of an inorganic mesostructure from LCs templates. Among a 
number of surfactants that can form LCs phase, the cation surfactant 
cetyltrimethylammonium bromide (CTAB) is well studied and widely used, 
for two considerations: firstly, the various LCs morphologies, such as 
hexagonal, cubic, or lamellar phase, can be steadily obtained and modulated 
by varying CTAB concentration or temperature or both. Secondly, the 
positively charged CTAB LCs templates can interact with ZnO building 
blocks by selectively adsorbing onto a negatively charged crystal facet to 
control the morphology of ZnO building blocks and thus self-assembling.  
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In this chapter, we will demonstrate use of surfactant CTAB as LCs templates 
for successful development of hexagonal columnar ZnO mesocrystals on a 
large scale. The novel method involves establishing the LCs structure, ZnO 
nanocrystals and formation of mesocrystals upon thermal treatment. The 
formation process of the ZnO mesocrystals is then studied in a systematic 
manner by investigating into their evolution of particle morphology and 
composition at various temperature stages. In particular, the size, phase 
transition and morphology of ZnO building blocks are investigated in details, 
where the hexagonal ZnO building blocks are crystalline and are about 20-30 
nm in sizes, and there is a hybrid structure formed between ZnO building 
blocks and LCs of CTAB. The LCs phase of CTAB is demonstrated to be in a 
lamellar structure. The interaction between CTAB and ZnO building blocks is 
attributed to a stable electric force, which helps explain the correlation 
between the resultant structure and behavior of the mesocrystals. In the 
presence of negatively charged Zn(OH)2 nanobelts and positively charged 
CTAB, the surfactant gives rise to LCs templates with increasing temperature 
and concentration. Negatively charged Zn(OH)2 nanobelts decompose to 
hexagonal ZnO nanopartilces of 20-30 nm as the building blocks, which then 
organize with the LCs templates. The ZnO building blocks self-assembly 
subsequently due to the long-range dipole-dipole interaction in the presence of 
LCs templates leading to the formation of the hexagonal mesocrystals with 
further increasing temperature. The self-assembly is accelerated at the melting 
point of surfactant CTAB, where a pseudo-ionic liquid reaction environment is 
resulted.  
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Cetyltrimethylammonium bromide (CTAB) (C16H33)N(CH3)Br 99+%, Acros) 
was employed as the surfactant. Zinc acetate hydrate (Zn(CH3COO)2·2H2O 
98+%, Alfar Aesar) was used as the cation source for zinc oxide. Ammonia 
solution (NH3·H2O, 28%, AJAX) was employed as the precipitator, while 
deionized (DI) water (H2O) was used as the solvent. All the chemicals were 
not further purified before use.  
 
5.2.2 Synthesis of Large ZnO Mesocrystals 
 
In a typical procedure, a surfactant solution was first prepared by mixing 1.094 
g CTAB in 12 ml DI water heated to 35 oC in a water bath for about 10min to 
obtain a clear solution. Diluted ammonia solution (0.2 ml ammonia (28%) 
diluted in 3.8 ml DI water) was then added into the above surfactant solution, 
followed by adding 5ml of 0.4M Zn(CH3COO)2·2H2O solution. The solution 
becomes turbid immediately after adding zinc acetate solution. The turbid 
solution was kept at room temperature for 2 h with stirring, then, aged at room 
temperature for 2 days. The resultant white precipitate was centrifuged with 
8000 rpm for 6 min. After centrifugation, the precipitates were dried at 70 oC 
for 6 h, and then put into an oven for thermal treatment at 500 oC for 2 h at a 
heating rate 1 oC/min. The ZnO mesocrystals thus obtained were ready for 
further characterization. 
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5.2.3 Preparation of ZnO DSSCs 
 
The preparation procedure for ZnO DSSCs based on the ZnO mesocrystals is 




X-ray powder diffraction (XRD, Bruker AXS D8 Advance, Germany) for 
phase analysis was carried out for identification of crystalline phases at 
various stage of mesocrystal formation from the precursor, by using Cu Kα 
radiation (1.5406A), operated at 40kV and 40mA with a step size of 0.02o. 
The diffraction followed an θ/2θ Bragg-Brentano geometry, and the 2θ range 
was varied from 3o to 10o and 20o to 80o. Field emission scanning electron 
microscopy (SEM-FEG XL 30) was performed to characterize the surface 
morphology and particle size. Both transmission electron microscopy (TEM) 
and high resolution transmission electron microscopy (HRTEM) (TEM, JEM-
2010F, 200 kV), operated at an acceleration voltage of 200 kV, were 
employed to investigate the texture and structure of the precursors and ZnO 
mesocrystals. The chemical structures of precursors were studied by Fourier 
Transform Infrared (FT-IR, Varian 3100 Excalibur) spectroscopy using the 
potassium bromide (KBr) pellet technique. Each FT-IR spectrum was 
collected after 64 scans from 400 to 4000 cm-1 。 Zeta potentials were 
measured in a Zeta potential analyzer (Zetasizer Nano-ZS, Malvern 
Instruments). The specific surface area of the ZnO mesocrystals were 
performed by a nitrogen adsorption-desorption apparatus (ASAP 2020). 
Photoluminescence (PL) spectra were collected with an automated micro-PL 
system (at room temperature) equipped with a 325 nm He-Cd laser and a 
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charge coupled device detector. The photovoltaic measurement is the same to 
the procedure described in the 2.2.4 of Chapter 2.  
 
5.3 Results and Discussions 
 
5.3.1 Effect of Temperature 
 
ZnO mesocrystals of rather uniform hexagonal columnar morphology were 
first synthesized on a large scale, template-formed in the presence of 
surfactant CTAB. From previous understanding with aqueous solution,94 
temperature has a significant influence on both morphology and phase 
transformation of surfactant CTAB micelles. Therefore, the effect of 
temperature on the template morphology is monitored carefully in this study. 
The scanning electron microscopy images of the precipitate precursors treated 
at various temperatures, i.e., 70 oC, 150 oC, 250 oC, and 350 oC, 450 oC, and 
500 oC, are shown in Figure 5.1a, 5.1b, 5.1c, 5.1d, 5.1e, and 5.1f, respectively. 
 





Figure 5.1 SEM images of the precipitate precursors thermally treated at:  (a) 
70 oC, (b) 150 oC, (c) 250 oC, (d) 350 oC, (e) 450 oC, and (f) 500 oC. 
 
At low temperatures, they demonstrate flake-like morphologies with several 
tens of micrometers in width and several hundreds of nanometers in thickness 
(Figure 5.1a), which are similar to the morphologies of surfactant CTAB 
precipitates under similar conditions investigated previously. This is in 
agreement with the expected existence of abundant CTAB in the precursor 
mixture. At 150 oC, the flakes appear to pack together densely due to the 
evaporation of water, at the same time, the sample is transparent with some 
fluidity at this stage due to the formation of LCs of CTAB (Figure 5.1b). 
When heated up to 250 oC, the flakes-like morphology disappeared and a 
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paste-like precursor with a rather smooth surface was obtained in association 
with the fluidity owning to the melting of CTAB (Figure 5.1c). From Figure 
5.1a to 5.1c, ZnO morphology cannot be seen due to the coverage of CTAB, 
and the morphology change of surfactant CTAB from precipitate to LCs 
structure then to melting state has been observed with increasing temperature. 
The partial mesostructure with a level of porosity on the rough surfaces, as 
well as the organic frameworks, can be seen in Figure 5.1d after thermal 
treatment at 350 oC. Here, most of CTAB has been decomposed. Upon heating 
at 450 oC, ZnO hexagonal columnar mesostructures are observed due to the 
further decomposition of surfactant CTAB (Figure 5.1e). However, certain 
organic residuals are still visible. Therefore, in order to completely eliminate 
the organic residuals, it was heated at 500 oC for 2 hours, where fairly uniform 
ZnO hexagonal columnar mesostructures with porosity on the surface and a 
central boundary, were successfully developed (Figure 5.1f). The ZnO 
mesostructure exhibits a width of about 1 µm, a length of around 2 µm and 
therefore an aspect ratio of about 2. From the SEM result, it can be seen that 
the length and width of thus prepared ZnO mesostructure are larger than the 
thickness of precursor precipitate. It is therefore concluded that the hexagonal 
columnar mesostructures were not formed at the solution stage containing 
micelles of CTAB. Instead, they are developed with LCs templates of CTAB 
after thermal treatment. This is different from those mesostructures derived 
from solution reported in several previous studies, where the ZnO 
mesostructure was nucleated and growth in a solution medium.  
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In order to further determine the ZnO mesostructure evolution covered by 
CTAB, transmission electron microscopy (TEM) (JEOL-2010 at 200 kV) was 
conducted on the samples upon thermal treatment at 70 oC, 130 oC, 150 oC, 
200 oC, 250 oC, and 500 oC, respectively. The corresponding TEM images are 
shown in Figure 5.2a, 5.2b, 5.2c, 5.2d, 5.2e and 5.2f, respectively. Belt-like 
nanostructures are observed in Figure 5.2a for the precipitate precursor treated 
at 70 oC. The belt-like nanostructures are typically 100 to 300 nm in width and 
up to several µm in length, which is similar to the morphology for the 
precipitate precursor synthesized by reacting zinc acetate and ammonia in 
aqueous solution without surfactant CTAB.32 Selected area electron diffraction 
(SAED) (see the inset of Figure 5.2a) measurements revealed that the 
crystallographic structure of these nanobelts is consistent with that of zinc 
hydroxide. 




Figure 5.2 TEM images of the precipitate precursors that were thermally 
treated at: (a) 70 oC, (b) 130 oC, (c) 150 oC, (d) 200 oC, (e) 250 oC, and (f) 500 
oC. 
 
At the same time, the EDX spectra of these nanobelts showed the atomic ratio 
of 32:68 for zinc and oxygen atoms, which was in good agreement with the 
composition of zinc hydroxide and indicates that only nanobelt-like zinc 
hydroxide structure is formed in the precursor. It also confirms that the ZnO 
mesostructures are not formed in the solution on the basis of SEM and TEM 
studies. Certain hexagonal nanostructures of 20 to 30 nm in sizes are observed 
in Figure 5.2b after thermal treatment at 130 oC, which was obtained due to 
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the decomposition of nanobelt zinc hydroxide. And the inset HR-TEM image 
of Figure 5.2b shows the hybrid structure, consisting of CTAB LCs templates 
and zinc hydroxide. It confirms that the LCs templates are present at this stage, 
and establish some interaction with zinc hydroxide structure. The phase 
structure of LCs templates will be further confirmed by XRD. Figure 5.2c 
shows that nanocrystals of about 20 to 30 nm in sizes, referred to as the ZnO 
building blocks in the following discussion, were embedded in CTAB LCs 
matrix, at the same time, they tend to be arranged along certain direction due 
the assistance of LCs of CTAB and intrinsic dipole-dipole force of ZnO. The 
selected area electron diffraction (SAED) pattern of the ZnO building blocks 
in inset of Figure 5.2c shows a set of diffraction rings, which were confirmed 
as (002) reflections of ZnO due to the dehydrolysis process at 150 oC. It does 
not only show that the building blocks are well crystalline at this stage, but 
also clearly identifies the individual ZnO building blocks under LCs condition 
with high viscosity. The crystalline ZnO building blocks are thus confirmed by 
using TEM technique, where there LCs exhibits a high viscosity and 
interaction with the ZnO building blocks. The formation process of 
mesocrystals from solution containing nanocrystals as building blocks was 
proposed in several previous investigations.92 However few have directly 
observed the building blocks due to the relatively fast reaction kinetics in the 
aqueous solution. Raising temperature to 200 oC led to a large number of 
nanostructure aggregates in the organic framework as shown in Figure 5.2e. 
The nanocrystals were packed layer by layer with the assistance of CTAB LCs 
templates, which is due to the fact that the positive charges of CTAB would 
adsorb on the oxide-rich (000-1) surface, as well as the dipole field.166 The 
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stacking of nanocrystals was further accelerated at 250 oC, which is above the 
melting point of CTAB. Therefore, a pseudo-ionic liquid reaction environment 
is created at this stage, speeding up the self-assembling of nanocrystals 
towards the mesostructure. Figure 5.2f is a TEM top view of the ZnO 
mesostructure grown at 500 oC, where one can see the well established 
hexagonal columnar structure for ZnO mesostructure. The selected area 
electron diffraction (SAED) patterns for the corresponding top view (inset of 
Figure 5.2f) confirms that the large hexagonal columnar ZnO mesostructure is 
not only polycrystalline but also exhibits a single crystal-like electron 
diffraction, which can be indexed as hexagonal ZnO phase. Therefore, the 
hexagonal columnar ZnO mesostructures are mesocrystals, consisting of grain 
boundaries, but in a highly ordered orientation.  
 
Various morphologies of mesostructure derived from the CTAB templates in 
the liquid solution have been reported. The involvement of CTAB LCs 
templates in the mesocrystal formation is further confirmed by X-ray 
diffraction (XRD). The XRD spectrum in the range of 3o to 10o for the 
precipitate precursors heated at 70 oC, 130 oC, 150 oC, and 220 oC are shown 
in Figure 5.3a, 5.3b, 5.3c, and 5.3d, respectively. The low angle XRD patterns 
show the co-existence of surfactant CTAB and basic zinc acetate structure. 




Figure 5.3 X-ray diffraction patterns of the precipitate precursors thermally 
treated at: (a) 70 oC, (b) 130 oC, (c) 150 oC, and (d) 220 oC respectively. ■ 
stands for surfactant CTAB , ● for basic zinc acetate structure. 
 
The diffraction peaks at 2θ=6.70o and 4.69o are attributed to basic zinc acetate 
phase, and the diffraction peaks at 2θ=6.90o and 3.48o are attributed to CTAB. 
With increasing temperature the diffraction peak intensity at 2θ=6.70o 
decreases and the diffraction peak at 2θ=4.69o becomes stronger in intensity, 
which is consistent with the previous study.32 For the precipitate precursor 
treated at 70 oC shown in Fig. 4a, a lamellar crystal structure is observed for 
CTAB at 2θ=3.52o and 6.91o, demonstrating an interlayer d-spacing of 2.5 nm 
and 1.3 nm and corresponding to (100) and (200) planes of the lamellar crystal 
phase. The low angle X-ray diffraction peaks for the LCs template of CTAB 
located at 2θ=3.48o and 6.88o are closed to the characteristic ratio of 1:2 
known for lamellar structure, as shown in Figure 5.3b, which suggests that 
lamellar LCs structure of surfactant CTAB has formed at this stage due to the 
increasing temperature and CTAB concentration, according to the CTAB 
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phase diagram.167 The lamellar LCs templates do not disappear with 
increasing thermal treatment temperature until 220 oC, above the melting point 
of CTAB. When the heating temperature is up to 220 oC, few diffraction peaks 
can be observed at low angle XRD pattern as shown in Figure 5.3d, due to the 
melting of CTAB and the decomposition of basic zinc acetate.  
 
 
Figure 5.4 X-ray diffraction patterns of the precipitate precursors that were 
thermally treated at: (a) 70 oC, (b) 130 oC, (c) 150 oC, and (d) 220 oC. 
 
The XRD spectra in the range of 20o to 80o for the precipitate precursors 
heated at 70 oC, 130 oC, 150 oC, and 220 oC are shown in Figure 5.4a, 5.4b, 
5.4c, and 5.4d, respectively. The XRD pattern in Figure 5.4a shows that the 
precipitate precursors are composed of CTAB and Zn(OH)2, which is 
consistent with what has been shown by the SEM and TEM studies. As shown 
in Figure 5.4b, the precursor treated at 130 oC is also composed of CTAB and 
Zn(OH)2 phase. With further increasing temperature, the resultant ZnO phase 
is shown in Figure 5.4c, confirming that the phase transition from Zn(OH)2 to 
ZnO has taken place with increasing treatment temperature. Only ZnO phase 
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can be observed in Figure 5.4d, which suggests the Zn(OH)2 has completely 
transformed to ZnO.  
 
Figure 5.5  FT-IR spectra of the precipitate precursors that were thermally 
treated at: (a) 70 oC,  (b) 150 oC ,(c) 200 oC, and(d) 220 oC. 
 
The phase and structural evolutions in the precipitate precursor upon thermal 
treatment at various temperatures, i.e., 70 oC, 150 oC, 200 oC, and 220  oC are 
also monitored by Fourier Transform Infrared (FT-IR) spectra, as shown in 
Figure 5.5a, 5.5b, 5.5c, and 5.5d, respectively, over the wavelength range of 
4000-400cm-1. The peak at 2945 cm-1 is a contribution from C-H of the CH3 
terminal group of methylene chain antisymmetric and C-H of CH3-N+ 
symmetric vibration.168 The vibration bands at 2850 and 2920 cm-1 are 
attributed to C-H of CH2 group symmetric and antisymmetric vibrations.169 
They show the presence of surfactant CTAB at low temperatures, which is in 
good agreement of the results of SEM and XRD. The vibration at about 1550-
1600 cm-1 and 1390-1410 cm-1 are attributed to the asymmetric of (COO-) 
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bending model,170 which corresponds to the basic zinc acetate structure and is 
also consistent of XRD result. For the precipitate precursor treated at low 
temperatures, the COO- bending peak is at 1551 cm-1. However, the COO- 
bending for the sample thermally treated at 150 oC and 200 oC had shifted to 
1598 cm-1, which corresponds to the phase transition that has happened at high 
temperature. The COO- bending peak disappeared for the precursors that were 
subjected to thermal treatment at 220 oC or higher temperatures due to the 
completely decomposition of basic zinc acetate. This is in good agreement 
with the results of XRD. The peaks at 1473 and 1464 cm-1 arise from the (-
CH2-)n chain scissoring modes and account for a parallel packing of the trans 
methylene chains.168 The positions of CH2 scissoring vibration peaks can be 
used as an indication for the degree of ordering of the alkyl chains. The 
doublet peaks at 730 and 719 cm-1 correspond to the rocking mode of 
methylene chain, indicating that methylene chains of CTAB have been packed 
to form restricted structures.169 These characteristic vibration peaks at 1473, 
1464, 730 and 719 cm-1 are expected as the CTAB exhibits a crystal or LCs 
structure below the melting point, which is also in a good agreement with the 
result of XRD. The stretching bands at 962, 937, and 912 cm-1 are attributed to 
the C-N+ vibration of headgroup.171 The vibration features of the CTAB 
structure do not change much below the melting point. However, upon heating 
at 220 oC above its melting point, the distinctive vibration peaks of crystal or 
LCs, scissoring and rocking mode of alkyl and methylene chains, have 
disappeared. Some of the vibration peaks of the hydrophilic headgroup have 
also disappeared, due to the loss of headgroups. At low frequencies, the 
vibration peak corresponding to the inorganic bond Zn-O vibration changes 
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from Zn(OH)2 phase to ZnO phase with increasing thermal treatment 
temperature, which again agrees well with the XRD result. The FT-IR study 
therefore not only confirms the existence of crystals and LCs templates 
structure of CTAB, and the basic zinc acetate below the melting point of 
CTAB, which is consistent with the result of XRD, but also show the 
decomposition of surfactant CTAB and phase transformation of Zn(OH)2 with 
increasing temperature.  
5.3.2 Effect of CTAB 
 
Figure 5.6 SEM images of the precipitate precursors in the absence of CTAB 
thermally treated at: (a) 70 oC, (b) 130 oC, (c) 150 oC, (d) 200 oC, (e) 220 oC, 
and (f) 500 oC. 
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In order to identify the exact function of surfactant CTAB in the ZnO 
mesocrystals synthesis process, comparative samples were prepared in the 
absence of CTAB under the same experimental condition. The SEM images 
for samples treated at different temperature, i.e. 70 oC, 130 oC, 150 oC, 200 oC, 
220 oC, and 500 oC were shown in Figure 5.6a, 5.6b, 5.6c, 5.6d, 5.6e and 5.6f, 
respectively. A belt-like morphology is observed in the precursor (Figure 5.6a), 
which is the same to the precursor prepared in the presence of surfactant 
CTAB as discussed above. It confirms that CTAB and Zinc hydroxide co-
precipitate and CTAB does not obviously affect the formation of Zinc 
hydroxide. Upon thermal treatment at 130 oC, spherical nanoparticles in the 
size range of 30-50 nm can be seen as shown in the Figure 5.6b. They were 
derived from the decomposition of nanobelt-like Zn(OH)2. The nanoparticles 
therefore tend to form spherical morphology instead of the hexagonal 
morphology in order to reduce surface energy in the absence of additives. The 
nanoparticles aggregate together with increase in thermal treatment 
temperature from 150 oC to 220 oC, as shown in Figure 5.6b-5.6e. The final 
product consists of nanoparticles (Figure 5.6f). This demonstrates that the ZnO 
mesocrystals are closely associated with the LCs template, confirming the 
important role played by CTAB LCs templates in the mesocrystal formation.  
 
5.3.3 Interaction between CTAB and ZnO 
 
In order to further demonstrate the interaction between CTAB and ZnO 
building blocks, zeta potentials of the precipitate precursors with and without 
surfactant CTAB were measured. It was about 75.5 mV at pH=8 in the 
presence of CTAB, and it was about -15.2 mV at pH=8 in the absence of 
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CTAB, which shows that the negatively charged Zn(OH)2 nanoparticles were 
covered by the positively charged surfactant CTAB by stable electric bond. 
The ZnO building blocks are stacked along the lamellar LCs templates of 
CTAB layer by layer due to the stable electric force to form the ZnO 
mesocrystals. The existence of individual ZnO building blocks is consistent 
with the TEM observation.  
    
Figure 5.7 SEM images of (a) mesocrystals derived from precipitate precursor, 
(b) mesocrystals derived from the two-step precursor, both were heated at 500 
oC for 2 h.  
 
In order to identify the interaction between CTAB and ZnO building blocks, a 
parallel experiment was conducted, by adding the precipitate obtained from 
the reaction between zinc acetate and ammonia into a solution containing 
CTAB under the same condition. The sample thus obtained is referred to as 
the two-step precipitate. Figure 5.7a and 5.7b compare the mesocrystals 
derived from precipitate precursor and the two-step precipitate by calcination 
at 500 oC for 2 h. A rather uniform hexagonal columnar structure is obtained 
from the mesocrystal precursor, which is in contrast to the rather irregular 
morphology for that derived from the two-step precursor. In the FT-IR spectra 
of the two-step precipitates subjected to thermal treatment at various 
temperatures, the distinctive CTAB vibration bands could be observed, where 
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the change with increasing temperature is almost the same as that described 
earlier. The XRD phase analysis results for the two-step samples treated at 
various temperatures also confirmed the formation of LCs template. However, 
the zeta potential value for the two-step precipitates is about 7.89 mV at pH=8, 
which indicates the interaction between the CTAB template and Zn(OH)2 
nanoparticles is rather very weak.  
 
Figure 5.8 TEM image of the two-step precipitate sample upon thermal 
annealing at 130 oC. 
 
An example of TEM images for the two-step precipitate treated at 130 oC is 
shown in Figure 5.8, where the nanoparticles are seen to aggregate in a 
random manner, due to the weak interaction between LCs templates and ZnO 
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5.3.4 Growth Mechanism 
 
 
Figure 5.9 Growth process leading to formation of ZnO hexagonal columnar 
mesocrystals. 
 
Based on the above experimental observation, the formation process for 
hexagonal columnar mesocrystals of ZnO by LCs template is proposed in 
Figure 5.9. Firstly, in the presence of CTAB, zinc acetate and ammonia, a 
hydrated hybrid of CTA-Zn(OH)42-, zinc hydroxide and basic zinc acetate, are 
co-precipitated. The Zn(OH)2 precursors give rise a nanobelts structure due to 
the preferred growth direction. The resultant precipitate exhibited a flake-like 
morphology at room temperature (step 1), as it was dominated by the abundant 
CTAB molecules. The nanobelts structures were embedded in the CTAB 
surfactant. In the precipitate precursor, there were interactions between the 
negatively charged Zn(OH)2/Zn(OH)42- and positively charged CTAB 
templates involving a stable electric force. Upon thermal treatment with 
increasing temperature, the concentration of CTAB increases in association 
with water evaporation. A lamellar LCs templates structure of CTAB is then 
formed. In the LCs template, Zn(OH)2 occurred as hexagonal nanoparticles of 
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20-30 nm in size decomposed from nanobelts structure in the presence of 
CTAB lamellar LCs templates, which was termed as building blocks for the 
formation of mesocrystals (step 2). At temperatures below the melting point of 
CTAB, the hexagonal building blocks are embedded in the CTAB LCs 
template, as a result of the high viscosity of CTAB making the self-assembling 
slow. With increasing temperature however up to the melting point of CTAB, 
there will be enough freedom for the building blocks to move around and 
aggregate in association with the lamellar LCs templates of CTAB and the 
long-rang dipole-dipole interaction of ZnO (Step 3). At temperatures above 
the melting point of CTAB, a pseudo-ionic liquid function of CTAB is formed, 
where the self-assembly process is further accelerated. The growth process is 
controlled by the thermodynamic principle, such that the mesocrystal will 
grow along the c-direction due to the intrinsic anisotropy of ZnO. With the 
decreasing concentration of ZnO building blocks in the pseudo-ionic liquid, 
the growth rate will be eventually controlled by the dynamic principle, giving 
rise to mesocrystals with an aspect ratio of 2 (Step 4). Upon further increasing 
temperature, CTAB will be decomposed and eliminated, giving rise to the 
mesocrystal morphology observed (step 5).  
 
5.3.5 Surface Area and Optical Beheavior 
 
Unlike single crystals, mesocrystals exhibit internal surface structures and a 
high level of surface area. BET measurement shows a specific surface area of 
4.6 m2 g-1 for the hexagonal columnar mesocrystals of ZnO obtained in the 
present work. The mesopores within the mesocrystal arise from the interaction 
between CTAB template and ZnO building blocks during the self-assembling 
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progress. The assembling of the building blocks in the presence of CTAB 
surfactant will largely determine the level of mesoporoity and specific surface 
area. These internal surfaces in the mesocrystals can also be regarded as 
defective surfaces as contrast to those in a single crystal.  
 
Figure 5.10 Photoluminescence (PL) spectrum of the mesocrystals prepared in 
the present investigation.  
 
The PL spectrum of the mesocrystals prepared in the present work is shown in 
Figure 5.9, where one can see two emission peaks. The first band is the UV 
near band-edge (NBE) of ZnO at 385 nm, the second strong band at 501nm is 
the visible light emission. The UV emission showed red-shift compared to the 
bulk ZnO at ~373nm,172 and the intensity of NBE emission peak is relatively 
weak due to the increase of specific surface area. The UV emission is 
attributed to the radiative recombination between the electrons in the 
conduction band and the holes in the valence band.173 The shift of UV 
emission is related to the influence of the size effect on the energy level of the 
confined excitons and the specific surface area. In our sample, the mesocrystal 
structure is composed of large numbers of ZnO nanoparticles. Therefore, there 
are a lot of grain boundaries, meanwhile, the defects existed at the grain 
boundaries will decrease the energy of recombination of electrons and holes. 
CHAPTER 5 ZnO MESOCRYSTALS 
135 
 
The UV emission peak at 385 nm is almost same to the other ZnO 
hierarchically aggregated structures.174  The second strong visible light 
emission at 501 nm originated from the recombination of electrons in singly 
occupied oxygen vacancies.175 As discussed above, CTAB is employed as a 
template for the assembling of mesocrystalline structure, the elimination of 
which by calcination would definitely contribute to the occurrence of some VO 
concentration.   
 
5.3.6 Photovoltaic Behavior of DSSCs Based on ZnO Mesocrystals 
 
 
Figure 5.11 I-V curves of DSSCs based on ZnO mesocrystals.  
 
Based on a preliminary study, ZnO mesocrystals gave rise to an overall energy 
conversion efficiency of 1.05 %, together with a short-circuit photocurrent 
density (Jsc) 2.82 mA/cm2, open-circuit photovoltage (Voc) 0.61 V and fill 
factor (FF) 61%, when used as photoanode in DSSCs. The photocurrent 
density and overall energy conversion efficiency are affected by the surface 
area and the occurrence of VO concentration in ZnO mesocrystals. Therefore, 
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it would be important to control the surface area and intrinsic defects in ZnO 




ZnO mesocrystals of hexagonal columnar structure have been successfully 
synthesized on a large scale using CTAB as the LCs template. The growth 
process of these ZnO mesocrystals is established by monitoring the phase and 
morphology evolutions at various temperature stages. CTAB LCs templates 
and their interaction with Zn(OH)2 precursor are confirmed to play an 
important role for the assembly of ZnO mesocrystals. Upon thermal annealing 
with increasing temperature, CTAB undergoes a phase transition and then to 
LCs templates, where hexagonal Zn(OH)2 nanopraticles of 20-30 nm are 
aggregated with LCs templates giving rise to a hybrid structure of hexagonal 
building blocks. The growth process is accelerated at temperatures above the 
melting point of CTAB, where the self-assembling of building blocks takes 
place. With further increase in temperature, the organic template is 
decomposed and then eliminated from ZnO mesocrystals, leaving behind a 
level of mesoporosity and internal surfaces. As such the mesocrystal is 
characterized by the presence of VO defects, as demonstrated by the PL 
spectrum. The ZnO mesocrystal thus developed gave rise to an overall energy 
conversion efficiency of 1.05 %, due to the low surface area and the 
occurrence of oxygen vacancies.  
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CHAPTER 6 GENERAL CONCLUSIONS 
 
In this project, a facile, green and cost-effective process was developed to 
prepare layered basic zinc acetate (LBZA) nanosheets by using surfactant 
Pluronic F127 (EO106PO70EO106) as a directing agent in aqueous solution, 
where the thermodynamic factors are controlled. The porous ZnO nanosheets 
were then subjected to pyrolytic topotactic reaction at 300 oC for 1 h. To 
improve the photovoltaic behavior of these ZnO nanosheets structures, when 
used as photoanode in DSSCs, a two-strategy approach is taken, including an 
understanding on the dye adsorption kinetics and enhancement of light-
harvesting capability by the localized surface plasmonic resonance of metal 
nanoparticles. A strategy is also developed to prepare ZnO mesocrystals, 
possessing sing-crystal like structure and a level of porosity. The non-classical 
growth mechanism and photovoltaic behavior of ZnO mesocrystals were 
established. The main findings that are derived in this project are summarized 
as follows. 
 
Porous ZnO nanosheets were successfully synthesized by pyrolysing LBZA 
precursors. The uniform LBZA precursors were derived in base aqueous 
solution, in the presence of surfactant Pluronic F127 (EO106PO70EO106) as a 
directing agent, where the thermodynamic factors were considered and 
controlled. The hydrogen bond interaction between PEO chains of F127 and 
Zn2+ in the precursor was shown to play an important role in stabilizing the 
octahedral Zn(H2O)62+ unit and controlling the reaction of Zn2+ and OH- to 
develop [ZnO6] octahedral and [ZnO4] tetrahedral building blocks. The 
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presence of octahedral Zn(H2O)62+ units is essential for the development of 2D 
LBZA phase. The important role played by hydrogen bond in the formation of 
LBZA structures, which are related to the length and number of PEO chains, is 
demonstrated by the effect on the resultant phase and morphology. When 
Pluronic L121 (EO5PO70EO5) with PEO chains of short length was employed, 
belt-like structures were observed. The belt-like structures could be indexed to 
Zn(OH)2, demonstrating that the weak interaction between L121 and Zn2+ 
precursor could not stabilize the octahedral Zn(H2O)62+ units and properly 
control the reaction of Zn2+ and OH-, where the [ZnO4] tetrahedral building 
blocks are formed due to the shorter PEO chains. In contrast, F127 could give 
rise to 2D nanosheets with single LBZA phase at ≥ 0.5 wt%, although a belt-
like structure which was indexed to Zn(OH)2 phase was obtained at <0.5 wt% 
F127. The LBZA nanosheets increase in size and tend to aggregate with the 
increasing amount of surfactant F127. Mesoporous ZnO nanosheets were 
developed by pyrolysing the 2D LBZA precursor at 300 oC. 
 
The photovoltaic performance of ZnO nanosheets in DSSCs as photoanode 
was investigated, and shows an overall energy conversion of 2-3%. In order to 
improve the photovoltaic behavior, the dye adsorption kinetics has been 
studied, as it is important to control a balance between the amount of effective 
dye loading and dissolution of ZnO in dye N719 solution. The photovoltaic 
performance is strongly dependent on the dye adsorption time, which varies 
with the thickness of ZnO films. The dye adsorption model is dependent on 
the thickness of photoanode and the temperature of dye adsorption. For ZnO 
thin films, dye adsorption takes the multi-steps, while it is a one step process 
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for ZnO thick films at room temperature. The density of adsorbed dyes on 
ZnO surface is largely affected by the dye adsorption model. For the one-step 
dye adsorption, the density of dye adsorbed on ZnO surface is smaller than 
that of the multi-step dye adsorption due to the long dye diffusion period. The 
dye adsorption can change from an one-step process to a multi-step process at 
hight temperature. Although the dye diffusion is accelerated and the formation 
of dye/Zn2+ complexes is inhibited at high temperatures, the density of 
adsorbed dye and the resultant photovoltaic performance are not significantly 
enhanced because of the weak dye-to-ZnO interaction.  
 
To improve the light harvesting, a strategy is made use of the near field effect 
of localized surface plasmon resonance. Au-SiO2 asymmetric clusters with Au 
nanoparticle positioned off-center were successfully synthesized via a facile 
route modified from the Stöber method in aqueous solution. These Au-SiO2 
asymmetric clusters exhibited the wanted surface plasmonic behavior at 530 
nm. In Au-SiO2 nanostructures, the distance between Au sphere surfaces is 
controlled by the SiO2 shell thickness, and the extinction is correlated to the 
distance between Au dimers. An important feature of the Au-SiO2 off-centered 
clusters is that a strong near-field effect of plasmonic enhancement occurs at 
the thinner side of the Au-SiO2 asymmetric clusters, while the extinction of 
Au dimers is controlled by the thicker sides of Au-SiO2 asymmetric clusters. 
A plasmonic enhancement in photocurrent is demonstrated by incorporating 
these Au-SiO2 asymmetric clusters into ZnO NS films. The UV-vis absorption 
spectra showed that the absorption ability of ZnO with Au-SiO2 clusters was 
much higher than ZnO, suggesting that the light harvesting could be improved 
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by the localized surface plasmonic effect. The improvement in light harvesting 
leads to an enhancement in both photocurrent density and energy conversion 
efficiency, up by 21%.  
 
ZnO mesocrystals of hexagonal columnar structure, processing a single-crystal 
like structure and a level of porosity, have been successfully synthesized using 
CTAB as the LCs template. The growth mechanism of these ZnO 
mesocrystals was established by monitoring the phase and morphology 
evolutions at various temperature stages. CTAB LCs templates and their 
interaction with Zn(OH)2 precursor were confirmed to play an important role 
for the assembly of ZnO mesocrystals. Upon thermal annealing with 
increasing temperature, CTAB undergoes a phase transition and then to LCs 
templates, where hexagonal Zn(OH)2 nanopraticles of 20-30 nm are 
aggregated with LCs templates giving rise to a hybrid structure of hexagonal 
building blocks. The optical behavior of these ZnO mesocrystals was 
established. When used as photoanode in DSSCs, these mesocrystals 
demonstrated an  overall energy conversion efficiency of ~1%, due to the 
insufficient internal surfaces for dye loading and the existence of certain 
defects as confirmed by PL spectrum.  
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CHAPTER 7 SUGGESTIONS FOR FUTURE WORK 
 
This present thesis has focused on the development of porous ZnO nanosheets 
and mesocrystals via surfactant-templated approaches, understanding of their 
growth mechanisms, as well as their performance in DSSCs. On the basis of 
these experimental results, the following future studies are suggested. 
 
Firstly, the hydrogen bond interaction between PEO chains of F127 and Zn2+ 
is shown to play an important role to stabilize the octahedral Zn(H2O)62+ unit 
and develop [ZnO6] octahedral and [ZnO4] tetrahedral building blocks of 
layered basic zinc acetate (LBZA) via controlling the reaction of Zn2+ and OH-. 
The importance of hydrogen bond for the formation of LBZA is verified by 
monitoring the phase and morphology evolutions with various amount and 
length of PEO chains. However, few works have directly proved the existence 
of hydrogen bond between PEO chains and octahedral Zn(H2O)62+ units in 
aqueous solution, leading to the unclear growth mechanism. This is because 
the hydrogen bond is weak and reversible compared to the strong covalent 
bond or ionic bond. Most of the traditional techniques, including 
crystallographic and spectroscopic techniques, require that the hydrogen bond 
must have sufficient strength or high sensitivity to be observed under the given 
experimental conditions.176 Therefore, the powerful and sensitive 
spectroscopic techniques as well as simulated with computational techniques 
should be employed to direct study the role of the hydrogen bond, taking the 
thermerdynamic and kinetic factors into consideration.  
 
CHAPTER 7 FUTURE WORK 
142 
 
Secondly, although mesocrystals have received considerable attention over the 
past several years as a class of relatively new materials due to their single 
crystallinity and high porosity, it has been challenging to transfer mesocrystals 
into applications. This becauses that it is hard to design and control the 
sufficient mesostructures due to the general poor understanding on their 
formation processes. Several growth mechanisms have been proposed for the 
formation of mesocrystals in the recent years, including for example, the 
alignment by an organic matrix, ordering by physical fields, interparticle 
forces, mineral bridges, space constraints and self-similar growth, topotactic 
reactions, and combined mechanisms.177 Based on these mechanisms, it is just 
possible to explain the highly ordered arrangement for the mesocrystals, but it 
is the problem to obtain a large number of pores in the mesocrystals. It is 
because that the phase separation of ZnO and organic additives will happen 
due to the fast crystallinity of ZnO and the weak interaction between them, at 
the same time, the pores will disappear because of the Ostwald ripening of 
ZnO during the thermal treatment. In the preliminary investigation of the 
present project, a relatively poor photovoltaic behavior is shown for the ZnO 
mesocrystals, because of the defects and the low surface area. It would 
therefore be of interest and importance to control the hydrolysis of zinc 
precursor and enhance the interaction between zinc precursor and additives, 
which requires the proper precursors and specular experimental conditions. 
Meanwhile, to understand the growth mechanism, certain in-situ analytical 
techniques, which consists of imaging techniques and kinetic techniques 
should be employed.   
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Finally, for photovoltaic application, the optical and electrical properties of the 
ZnO mesocrystals should be investigated. Up to now, few studies have 
focused on the physical behavior of the mesocrystals. It is known that certain 
size dependent phenomena may be applicable to mesocrystals, as they consist 
of nanobuilding units. Therefore, mesocrystals can be thoroughly investigated 
for several key electrical, optical and catalytical parameters.  
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